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Abstract

Redox activity in intercalation cathodes is commonly attributed to changes
in oxidation states of transition metal ions. Recently, a growing body of evidence
revealed that the redox activity of oxygen contributes to the capacity of some
known cathodes. We focused on designing an oxygen free intercalation cathode
with redox-active anions. In order to overcome the entropic driving force for the
decomposition of a charged redox active anion cathode, we looked for chemistries
with solid (no gases) possible decomposition products. Additionally, the
involvement of anions in a network of covalent bonds with shared electrons was
considered as a possible way for the structure stabilization on anion oxidation.
Rather than forming a localized hole on an anion, the whole network would be
oxidized. Secondly, the involvement of an anion in multiple strong covalent bonds
can hinder the decomposition kinetically. The ternary hexaboride type sodium
pentaborocarbide both, chalcogenide and transition metal free, was cycled
reversibly electrochemically and systematic changes of unit cell parameters were
observed on the framework oxidation. For the first time, a hexaboride type
carbaboride anion framework was reversibly electrochemically cycled almost at
elevated room temperatures. In the search for chemistries beyond lithium ion
batteries the synthesis of magnesium pentaborocarbide was carried out by
aliovalent ion exchange of the parent sodium pentaborocarbide structure from
which density functional theory predicts excellent magnesium ion conductivities.
Trilithium nonaboride was synthesized and electrochemically characterized as a
weak anode material which supports a small amount of intercalation and
deintercalation of lithium at room temperature demonstrated by charge discharge
and cyclic voltammetry.

xiii

Introduction

Energy Storage Materials
The field of research regarding the investigation of alternate energy
generation and efficient energy storage is steadily growing at an exponential rate.
With increasing concerns about pollution generated by hydrocarbons and their
global depletion, the importance of clean renewable energy sources and the
efficient storage of this energy is instrumental to maintain sustainable life on earth
in the foreseeable future. A wide range of energy storage materials exist
(batteries, supercapacitors) can be coupled with energy generators such as
thermoelectric materials, and photovoltaics, in which their development and
optimization have led to the future of our technological advances of our everyday
lives. Missions such as the Mars Rover could not be possible without them[1].
Rechargeable batteries are portable energy storage devices that have
mobilized electronic devices and have become the normalcy across the globe.
Renewable energy sources are intermittent in nature as the sun is not always
shining on solar panels and the wind isn’t always blowing, so large scale energy
storage solutions are necessary to implement them. Large scale electrochemical
energy storage devices offer a strategy to store energy on the power grid when
it is most available and inexpensive, then releasing it when the energy demand is
high. They offer solutions for whole home backup energy supplies for residential
applications, which allow for releasing energy when it is most needed, for instance
during a power outages. They increasing efficiency and economic impact, as well
as lowering power demand off the grid when combined with wind and solar[2].

1

Energy storage devices come in various shapes and sizes for a wide range
of applications and consist of various chemistries for different applications.
Comparing to the first “batteries” created by Alessandro Volta in 1800 which were
referred to as voltaic piles which consisted of a series of alternating conducting
substances consisting of copper and zinc immersed in an electrolytic solution[3].
Technological advancements leading to Goodenough’s discovery of the novel
LiCoO2 high voltage cathode and the olivine LiFePO4 are considered to have made
our world rechargeable, winning the Nobel Peace Prize in 2019 for his
development of lithium batteries[4–6]. Discovering a discharged cathode material
from precursors without having to electrochemically lithiate was highly desirable
for commercial application in which Sony was the only company interested in this
particular advancement[6].
A functional rechargeable battery must meet certain criteria to be an ideal
candidate; their composition must be comprised of earth abundant, low mass, low
cost elements, crystal structures must not experience large volumetric expansion
during charge and discharge, elevated ionic conductivity and lowering fermi
energy closer to valence band upon oxidation of the transition metal atom
increasing electrical conductivity[5]. As the demand rises and lithium deposits
are depleted the need for a more sustainable material to store energy is of great
importance. Sodium Ion batteries(NIB) have demonstrated high energy densities
but superiorization to lithium has not been reached. Sodium and other alkali metals
such as magnesium are much more earth abundant which will lead to a cheaper
alternative to lithium with comparable energy densities. Research for NIB[7] and
MIB(magnesium ion batteries) is still at its infancy and have been investigated
considerably less than LIB. Optimization for commercial application has not been
accomplished for NIBs and MIBs compared to LIB due to a variety of reasons
being incompatible current collectors, electrolytes and poor cycling performance
of the sodium and magnesium based intercalation cathode materials available.
2

The oxide cathode is the most expensive component of a rechargeable
lithium ion battery{}. Oxides poses low potential fermi energies which allow them
to be high in energy density [8,9]. Several conflicts arise from the typical oxide
based lithium ion batteries. Commercial lithium ion batteries are made with oxides
that contain different concentrations of Ni/Mn/Co (NMC) cathodes, Ni/Co/Al
(NCA), or just pure Co (LCO) and each is used for different applications. Cobalt,
the most expensive mineral in the cathode material currently cost approximately
$33,000/ton, being the most expensive mineral inside a NMC, NCA and LCO
cathodes. Cobalt also poses a health hazard being carcinogenic, and can
accumulate in the environment from waste with spent batteries if not properly
recycled.

Energy density depends on deintercalation voltage and reversible

charge transfer per unit of mass. Oxide cathodes also can only cycle half of the
Li

content

before

undergoing

a

structural

change

that

leads

to

an

electrochemically inactive compound further decreasing energy density.
The energy density of material is based upon the voltage it operates at and
the capacity (Ah/g) shown in equation 1a. Voltage limits are caused by electrolytes
as they begin to decay at voltages above 5V and lithium ion batteries have pretty
much reached their maximum potentials. Therefore an effective approach for
increasing the energy density (ampere hours per gram) of a material is to increase
its capacity by lowering the formula weight of the active compound which is shown
by equation 2;

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

,-

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

3

.

=

1.

𝑉𝑥

=

1.

89
(9.,)(=>??)

Where 𝑁 is the charge number of the electroactive species, 𝐹 is the Faraday
constant (96485 C mol-1), F.W is the formula weight (g mol-1). Typical commercial
electrolytes for LIB are organic carbonates which do not have a high temperature
stability limiting them to about 40°C and are extremely flammable posing a safety
concern. Oxide cathodes often exhibit oxygen evolution at temperatures above
40°C which further decomposes the electrolyte and lowers capacity. Tesla's
electric vehicle battery packs employ additional cost in cooling systems to
stabilize, prevent decomposition, and extend cycling capabilities yet consuming a
portion of the energy output to run the cooling equipment.

Redox Activity of Alkali Borides and Alkali Hexaborides
The lowering of the formula mass of the active material turned our attention
to alkali metal borides due to their light mass, earth abundancy and the lack of
research associated with them. Our hypothesis is that instead of oxidizing a heavy
transition metal oxide which would lead to O2 formation, we would instead be
oxidizing the entire framework. Only a very few examples of this oxidation of the
boride anion framework are found in the literature and only under metastable
conditions. Nesper et al. synthesized Li3B14 in 1988 directly from the elements
describing the experimental difficulties encountered during synthesis consisting
of the starting material’s reactivity with crucible materials and the great difference
in melting points, as well as offering solutions by using a combination of crucible
materials which will be described in the section on synthesis, purification
equipment, and instrumentation. The group was able to electrochemically cycle
trilithium tetradecarboride, Li3B14, at 720 K (447 C) with a potential up to 2.7 V
vs. lithium metal in a eutectic melt of LiCl and KCl as an electrolyte (Figure 1).
Li3B14 has a boron cluster network of B8 and B10 polyhedral clusters (Figure 1)
and no other oxidizable agents therefore the boron network can only be oxidized.
4

Figure 1. Upper figure is the coulometric titration of Li3-1.3B14 measured in a eutectic salt KCl
and LiCl at 720K. Lower figure are the B8 and B10 polyhedra in Li3B14 showing intercluster
bonds with lithium atoms omitted. Reprinted with permission from J. Solid State Chem. 75 (1988)
30–40. https://www.sciencedirect.com/science/article/abs/pii/0022459688903003ccc

5

Lithium content in LixB14 can be reversibly cycled between 1.7 < x < 3. The
boron framework was the same for LixB14 with x = 1.8 and 3 therefore the
deintercalation was topotactic. Thus, electrochemical cycling of Li3B14 confirms
proof of principle that transition-metal-free borides can serve as a redox active
intercalation cathode. The topochemical reactions and ionic conductivity of Li3xB14

indicate a considerable mobility of Li ions[10], however its disadvantages

make it less attractive such as its low lithium boron ratio inhibits its capacity.
Since different bonding patterns and different degrees of orbital overlap will lead
to different energies of boron orbitals in different polyhedra, one can expect that
one type of polyhedron will be oxidized preferentially. Structural data indeed
indicate that only the B8 cage is oxidized under the topotactical lithium
deintercalation. Up until the completion of this work, Li3B14 had remained the only
electrochemically characterized pure phase compound of the Li-B system that had
redox activity and cycled only at high temperatures. James et al. investigated
electrochemically a Li-B alloy consisting of a mixture of Li metal and Li7B6, but
reported no electrochemical activity[11]. Amorphous boron nanorods have been
studied as an anode material having a reversible capacity of 170mAhg-1 at a rate
of 10mAg-1 between 0.01 and 2V, but is plagued by sluggish kinetics caused by
the alloying of lithium and boron which prevents the electrode from reaching its
theoretical capacity[12].
Nevertheless when boron clusters are not confined by a solid boron
framework they readily transfer electrons forming reversible one electron redox
couples depicted by the reversible cyclic voltammetry of per functionalized with
organic ligand closo-dodecaborate clusters cycled at different scanning rates[13]
(Figure 2), demonstrating the proof of principal that boron clusters are capable of
reversible electron cycling. Further investigations for using boron as a redox
active material are necessary for commercial applications and the lack of
investigations on the electrochemical activity of compounds in the Li-B system is
6

confined by the studies of the compounds’ synthesis identification in of themselves
which

has

stimulated

our

interest

in

investigating these

materials

electrochemical applications.

Figure 2. Cyclic voltammetry of B12(O-3-methylbutyl)12 redox couple Reprinted with
permission from [J. Am. Chem. Soc. 2020, 142, 30, 12948–12953] [13]
https://pubs.acs.org/doi/10.1021/jacs.0c06159
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for

Hexaborides

Figure 3. Structure of Alkali Metal Borides CaB6 and NaB5C. Far right shows the molecular
orbital diagram for (B6H6)2-. Reprinted with permission from [14] Inorg. Chem. 2021, 60, 7, 4252–
4260. Copyright 2021 American Chemical Society
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03501

Metal hexaborides class of materials MB6 (M = alkali, transition, and rare
earth metal) are refractory ceramics that have unique chemical and physical
properties owing to their boron octahedral framework. Hexaborides are a sub
class of borides that fall under the (Pm -3 m) space group. The central metal atom
is 24-fold coordinated by boron octahedra on the corners of the cube and each
boron is 5-fold coordinated including the neighboring boron[15]. There are two
types of boron - boron covalent bonds, the B-B bond that form the octahedra and
the B-B that connect the octahedra which form a 2 electron deficient framework
give rise to unique electronic properties when coupled with +1, +2, and +3
charged metals such as KB6, CaB6, and LaB6. By following Wade electronic rules
for predicting geometry, the (B6)2- anion forms an octahedral network which is
two electron deficient, with n (n = 6) vertices which needs 2n+2 (14) electrons to
stabilize the polycentric bonding system[16]. When coupled with a M2+ become
semiconducting such as CaB6 and M3+ become metallic such as LaB6 and YB6. In
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CaB6 a (B6)2- unit 18 electrons from boron atoms, 2 electrons due to charge
transfer from Ca. Thus, CaB6 can be expected to be a semiconductor[17]. An
extra electron in LaB6 occupies an antibonding orbital, which results in metallic
conductivity which can be seen from the molecular orbital diagram for (B6H6)2(Figure 3).
M1+ hexaborides have been characterized such Li2B6 which can be
promising cathode material for its facile Li+ mobilization and the potassium
deficient K0.97B6 shows electron delocalization described in the next section on
superconductivity. CaB6 shows a high capacity 2400mAhg-1 as a recyclable,
aqueous primary battery in a 30% KOH solution [19] and is the only literature
available which investigated a hexaboride as a battery material which again has
stimulated our interest for this work. In this work we investigated the physical
and electrochemical properties of chemically and electrochemically oxidized
boron cluster anion frameworks through a variety of techniques we demonstrate
the first time a hexaboride type sodium borocarbide NaxB5C has the reversible
capacity to cycle 20% sodium in a coin cell battery configuration at slightly
elevated room temperature.
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Superconductivity of Alkali Borides
Another possible application of an oxidized boron octahedral framework
could

be

found

with

superconductivity.

The

simple

covalently

bonded

honeycomblike 2D boron layers in MgB2, magnesium diboride, exhibit bulk
superconductivity at rather high temperatures (39 K), in which the E2g phonon
mode couples with the B px + py bands[18]. LaB6 and YB6, both metals, are also
superconducting at low temperatures (0.45, and 7.1 K respectively). Electron
localization was observed in a potassium deficient hexaboride K0.97B6 from EPR
and solid state NMR measurements hinting at the possibility of MgB2 like
superconductivity[19–21]. Even though NaB5C is more electron precise compared
to a potassium deficient hexaboride, the possibility can still exist with an oxidized
NaxB5C framework. The superconductivity in KB6 caused by electron phonon
coupling in the boron framework is rather weak, but hole doping can significantly
increase the electron phonon coupling strength 𝜆 and Tc up to 1.13 and 65K
respectively [19]. Therefore extraction of sodium from NaB5C can increase the
electron phonon coupling of the B5C octahedra as well as causing Jahn-Teller
distortion by buckling the octahedra further increasing electron phonon coupling.
The investigation of superconductivity was outside of the scope of this work but
will be investigated in the future.
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Synthesis, Purification Equipment, and Instrumentation
Glove Box
All experiments were prepared and carried out in an argon filled M-Braun
glovebox equipped with a solvent trap and a heated tray antechamber for cathode
film preparation and vacuum drying. The glovebox was also equipped with
temperature controlled heat plates for elevated temperature experiments and an
MTIXTL 19mm electrode film punch for electrochemical cell fabrication. The
glovebox provides an ultra-dry and oxygen free environment with levels below
100ppb O2 by continuously recirculating the argon through a Cu catalyst and
zeolite mixture. Zeolites additionally trap trace amounts of H2O and other solvents
to maintain an ultra-dry, inert environment. To further dry the box, 500g of P2O5

Figure 4. MBraun argon glovebox
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and 750g of unused sodium and lithium metal shaving are kept inside to further
dry the box due to their water scavenging properties since P2O5 reacts with water
to form phosphoric acid and both sodium and lithium react with water to form
extremely hygroscopic hydroxide bases, making for an ultra-dry and O2 free
atmosphere. Lead cables from the BCS-805 battery cycler are passed through
ports which seal and isolate them from the external environment.

Tube Furnace
The Lindberg Blue M high temperature tube furnaces are an essential
component to any solid state synthesis laboratory. The 8 silicon carbide (SiC)
elements allow for reaching temperatures of up to 1500 C. They can be equipped
with various different tubes of different materials for according applications. Our

Figure 5. 1500 C Lindberg Blue M tube furnace equipped with gas flow through
bubblers to prevent backflow of unwanted atmospheric gasses.
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lab furnaces were equipped with 1.5 inch diameter alumina tubes equipped with
terminal adapters to allow for reaction gases to be flowed through and inlet and
exhaust. Gasses are dried with molecular sieves and passed through a bubbler
before entering the intake and a bubbler after the exhaust to prevent air to back
flow into the system.

Crucible and Ampoule Materials

Crucible materials were selected based on their reactivity with precursor
elements. Molybdenum was selected for synthesis of lithium borides because of
its low reactivity with lithium and slow reactivity with boron[10]. Molybdenum is
also economically more viable than other options such as tantalum. Molybdenum

Figure 6. Molybdenum crucible on the left, rolled and crimped from Molybdenum foil. Right
is h-BN cylindrical crucible
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crucibles were prepared by rolling small sheets of Mo and hermetically crimping
the bottoms into a crucible.
Hexagonal boron nitride, h-BN (QSM materials) is used as a crucible
material for sodium borides since sodium can react with molybdenum to form
sodium molybdate Na2MoO4. Sodium does not intercalate into the structure of hBN unlike lithium which can form an intercalation compound Li3(BN)2 [] as well
as being very stable at very high temperatures.

Soxhlet Extraction

Figure 7. Soxhlet extraction device equipped with cold air cooled ethylene glycol recirculation
system fitted with a peristaltic pump
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Soxhlet extraction was carried out in a N2 purge box with a continuous
supply of molecular sieve, dried nitrogen from a nitrogen generator. Purging of
nitrogen was completed over a period of 24h to remove traces of water vapor and
oxygen. The purge box was equipped with a 250ml mantle with temperature
control, a heat extractor to prevent excessive evaporation of solvent and to cool
the ethylene glycol cooling reservoir. The box was equipped with a peristaltic
pump to pump pure ethylene glycol coolant through the condenser from the
reservoir. Samples washed with the Soxhlet method with continuous pure
anhydrous methanol or ethanol to remove excess flux salts MgCl2 and AlCl3 as
their solubility in alcohol may be lower than in other aqueous solvents. Samples
were loaded into a coarse fritted extraction tubes and placed inside of the Soxhlet
apparatus.

Short Path Distillation of Sodium Using Schlenk Technique
Sodium distillation was carried out with two different methods. The first
method was short path distillation setup using a Swagelok capped stainless steel
tube that was much longer than the synthesis tube, placed inside of a tube furnace
on an angled gradient. The longer tube allowed for the sample to remain in the
hot zone of the furnace and the opposite end remains in the cold zone allowing for
sodium vapor to condense. This method lead to a significant amount of sodium
condensation back on to the sample when the furnace began to cool down which
was evident when preparing cathode slurries which agglomerated due to
decomposition of PVDF in alkaline environments which will be discussed further
in detail later on.
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The second technique utilized a Schlenk line equipped with a cold trap which
permitted the sample to be evacuated at high temperatures. The samples were
loaded into fused silica ampoules inside an Ar glovebox and sealed using a glass
valve which was then transferred to the Schlenk line. A small vertical gas
purification tube furnace was placed around the ampoule vertically and reacted
for 3 hours at 560C to distill off the excess sodium. Samples prepared in this
method lead to far less decomposition of PVDF during cathode slurry preparation.

Figure 8. Sodium distillation on a vacuum Schlenk line carried out at 560 C.
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Characterization Methods

Powder X-Ray Diffraction
Powder X-ray diffraction is a forefront characterization technique used in
solid state chemistry and plays a critical role in materials research. It is a
nondestructive technique which reveals detailed information about crystal
structure, phase identity, and sample purity. X-rays have a wavelength similar in
atomic distances, approximately 1 Angstrom and are able to penetrate crystal
lattices. X-rays are generated by bombarding electrons from a tungsten filament
cathode onto a metal anode target at a high voltage of ~30-40kV. When the
incoming electron collides with the electron from the inner K-shell and removes
it, then an electron from a higher shell, 2p à 1s in Cu, drops into the vacant 1s
k-shell fluorescing monochromatic X-rays of a characteristic wavelength of the
anode target. The k-shell electron is removed by the incoming electron having an
energy greater than the difference in energy between the k-shell and conduction
band. Cu is the most widely used anode because it is easier to cool and gives
decent resolution from the high Ka intensity.

Figure 9. Generation of Cu X-rays. A 1s electron is ionized, a 2p electron comes down and
fills the 1s hole, and energy fluoresced as an x-ray [23]
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Once the X-rays are generated they are emitted toward the sample and then the
X-ray diffraction is produced by the elastic scattering of x-rays colliding with an
k-shell electron from atoms in a periodic crystal lattice. All solids, organic and
inorganic crystal lattices possess series of atoms tightly bonded in packed layers
which consist of an infinitely repeating unit cell in three dimensional space. A unit
cell consist of lattice planes labeled by Miller indices (hkl).

A peak from a

diffraction pattern is generated from the constructive interference of waves
scattered from atoms in the same plane referred to as a reflection, in which the
angle between the x-ray and the plane result in a path difference that is equal to
a whole integer multiple of the wavelength, given Bragg’s Law:

𝑛λ = 2𝑑-GH 𝑠𝑖𝑛𝜃

Figure 10. Vector Geometry of the constructive interference of an incident x-ray beam
diffracting from a crystal lattice resulting in the Bragg equation for determining the d spacing
between lattices [21]
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Where 𝑑-GH is the distance between adjacent planes and λ is the x-ray wavelength
produced by the instrument, and 𝜃 is the incident angle[22,23]. Powder samples
contain a large amount of small crystals oriented randomly in all directions,
therefore lattices are oriented at the Bragg angle from the incident beam. The
random orientation causes the beam to be diffracted as a ring. A typical diffraction
pattern plots the reflection intensity as the dependent variable and Bragg angle
as the independent variable since the instrument scans the diffraction angle.
Crystalline solids have unique diffraction patterns that are generated by the type
of crystal class, lattice type, atom specie, and symmetry affecting the number of
reflections and the intensity observed.

Bruker D2 Phaser

The Bruker D2 Phaser is a compact all-in-one, benchtop x-ray
diffractometer with a user-friendly graphic interface designed to plug and analyze.
The X-ray source is a 1.54nm Cu x-ray source operating at 300W, 30kV, and
10mA with an internal cooling supply with no external cooling needed. The
goniometer is 141mm and the system is equipped with a scintillation counter
detector. Samples can be measured in an inert atmosphere with an airtight sample
holder dome equipped with a deflector and a silicon or plastic sample stage. It is
small enough that it may be placed in an inert atmosphere purge box for extremely
air sensitive measurements or in-situ electrochemical investigations.
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Figure 11. Bruker D2 Phaser bench top diffractometer

Synchrotron X-ray Diffraction at Advanced Photon Source Beamline BM-11 at
Argonne National Lab

Beamline 11-BM is a dedicated powder diffraction instrument at the
Advanced Photon Source (APS) at the Argonne National Laboratory in Tennessee.
It offers the highest resolution powder diffraction data available in the US. The
goal of 11-BM is to provide a user-friendly, high-resolution, high-throughput
instrument

with

state-of-the-art

powder

diffraction

capabilities

to

the

scientifically diverse APS user community. Beamline 11-BM is located on a APS
bending magnet (BM) source operating at an electron energy of 7 GeV with a
critical photon energy of 19.5 keV. The beamline currently operates over the
energy range 15 keV - 35 keV. The initial hutch houses the beamline optics,
including a collimating mirror with Si and Pt stripes, a 20 mm offset fixed-exit
double-crystal Si (111) monochromator (27.6 m from the source), and a 1 meter
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vertical focusing mirror. The second monochromator crystal is sagittally bent for
horizontal focusing. The main experimental hutch is located ~ 50 m from the
source, at the center of which is a Huber two-circle diffractometer mounted on a
large optical table. The table also serves as a base for sample environmental
devices, the robotic sample arm used for unattended operation, and other
accessories. The diffractometer has a unique multi-analyzer detection assembly,
consisting of 12 independent Si (111) crystal analyzers and LaCl3 scintillation
detectors. This enables simultaneous high-speed (~1 hour) and high-resolution
(ΔQ/Q ≈ 1.4×10-4) data collection[24,25].

Energy Dispersive Spectroscopy (EDS)

Figure 12. Conventional EDS configuration [26].

Energy Dispersive Xray Spectroscopy (EDS) or (EDX) spectroscopy is an
elemental analysis technique coupled with electron microscopy to provide
compositional mapping in addition to imaging for materials characterization. An
EDS system typically consists of several key units shown in Figure 12. The key
components of a modern digital energy dispersive spectroscopy system from
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which an electron beam hits the sample, the sample generates a characteristic xray from the k-shell transitions which pass through a semiconductor detector
housed with a field-effect transistor (FET) preamplifier, which must be cooled to
a sub-ambient temperature with liquid nitrogen, main amplifier that provides
further amplification and a digital fast pulse inspection function to reduce
background noise. All of this can be fully controlled with a computer-assisted
system, such as a multichannel analyzer (MCA) or a computer-assisted X-ray
analyzer (CXA), allowing for unattended and automated operation[26].

Boron K-Edge X-Ray Absorption Near Edge Spectroscopy (XANES)

X-ray absorption near edge spectroscopy, or XANES, a subcategory of Xray absorption spectroscopy, gives insight into the local structure of a near
absorbing atom. A boron k-edge XANES measurement is performed by using a
high energy synchrotron radiation separated and filtered into 188-220eV. The
absorption edge caused by the excitation of a core electron from an element will
provide identifiable qualities which are specific to the chemical environment of
the element being investigated, such as information about the oxidation state,
coordination environment, and bonding characteristics of the absorbing species,
bond lengths which can be altered by oxidation states, ligands affecting charge,
and symmetry. A XAS spectrum is the fingerprint of the chemical environment the
absorbing species and is plotted as 𝜇(𝐸) a function of energy (eV). The position
of the k-edge depends almost linearly with oxidation state.
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Electrochemical Characterization Methods

Cathode films are prepared using a conventional cathode slurry preparation
techniques found commonly in battery research literature[27–30]. A coin cell
configuration is used in all the following electrochemical measurements. A typical
cathode slurry formulation consist of active material, conductive carbon and
polymer binder in a typical ration of 90:5:5. For our measurements we used an
80:10:10 combination with added conductive carbon additive to ensure proper
coating of the cathode particles. The use of multiwalled carbon nanotubes as an
additive encouraged electrical conductivity between particles.

Cathode Film Preparation
Cathode slurries were prepared by ballmilling the following powders at 400
rpms for 2 hours; 80% alkali borides active material, 7% conductive carbon, 3%
multiwalled

carbon

nanotubes

for

increased

conductivity,

10%

Polyvinylidenefluoride PVDF[30]. Other polymer binders were explored including
18000f.w. polyvinylpyrolidone PVP, 50000f.w. PVP, 360000f.w. PVP, as well as
1800f.w. Polyacrylic acid PAA. PVDF slurries were prone to agglomeration due
to the decomposition of PVDF in alkaline environments[31]. A drop cast method
was adopted for some films using PVDF but the films were not uniform in thickness
and were prone to peeling and cracking when drying on hotplates.
The final cathode film after drying contains 80% - 67% active material and
30% - 33% inactive materials with the smallest amount the ball mill jar could
contain ~100mg. Highest quality slurries

consisted of dissolving 10mg

polyvinylidene fluoride (PVDF) in 0.3-0.4ml N-methyl-2-pyrrolidone (NMP) in
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one vial and in a second vial 50mg of ball milled mixture in 0.3-0.4ml NMP stirred,
then combining vials to yield a non-agglomerated homogenous distribution of
particles in the slurry under constant stirring yielding 0.6-0.8ml of a jet black
slurry. When the slurry was not agglomerated initial experiments consisted of
casting the slurry onto an aluminum sheet and smearing the slurry with a Doctor
Blade set at 150um yielding a uniform film. Films are dried at 120 C under vacuum
overnight. Doctor blade method works well when a large amount of sample is
present and aluminum is inexpensive, but cannot be applied when using a small
sample size and having to reuse molybdenum current collector disks. When sample
size is small and molybdenum is used the slurry is drop casted onto 19mm
diameter current collectors that have been punched out of a 0.1mm x 100mm x
100mm sheet of molybdenum foil. Wet current collectors are then placed on a hot
plate to dry at 130°C for 3 days to remove all traces of NMP and water.

BCS-805 Battery Cycler

Electrochemical characterization was carried out with a Biologic BCS-805
battery cycler, a versatile system capable of performing a wide range of
applications from cyclic voltammetry, battery and supercapacitor cycling, to
electrochemical impedance spectroscopy (EIS). It is capable of cycling 8
independent channels operated by the BT-Lab Software with 18-bit current and
voltage resolution and ranges down to 0.2nA and 40uV with an accuracy of <+_
0.01% of value +-0.3mV. Impedance measurements can be done in the range of
10mHz – 10kHz and 1mV-10mV amplitudes. It is supplied with cable contacts to
accommodate a wide range of battery and electrochemical systems as well as coin
cell adapters which were not used in this research.
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Figure 13. Biologic-805 Battery Cycler with 8 channels

Split-Cell Battery Assembly

Figure 14. Split cell with a 30mm well for the bottom half with a PTFE insulating separator with
insulated threads, an electrolyte stable PTFE centering ring, 20mm stainless steel pressure spacer,
spring loaded threaded pressure pin, and top split o-ringed.
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Stainless steel split cells (MTIXTL) are assembled by placing 19mm cathode
disks first then adding some electrolyte to wet the cathode. A 22mm diameter
separator (CellGuard 2400) is placed on top of the cathode and few drops of
electrolyte are added. Li, Na, or Mg are mechanically cleaned of oxidation and
then shaped into 20mm diameter disks and placed on top of the separator between
a centering ring. Liquid electrolyte is then added to fill the rest of the well. Once
cell is assembled, a vacuum apparatus equipped with a septum is attached to the
top of the split cell. Vacuum is applied for 3min to remove any bubbles that may
have been trapped between the cathode or the alkali metal anode, and to allow for
the electrolyte to soak well in the pores of the cathode layer. The septum is
equipped for further injection of electrolyte. Vacuum apparatus is removed and
the spring loaded plunger is equipped to apply pressure to the half-cell
components to ensure a close contact with the cell assembly.

Cyclic Voltammetry (CV)

Cyclic voltammetry is a widely used electrochemical characterization
technique which gives valuable information about the analyte such as charge
transfer kinetics, the reversibility of a an electrochemical reaction, the formal
reduction potential of a species, or characterizing a coupled reaction for oxidation
and reduction processes. The measurement is carried out using a potentiostat that
linearly scans the potential range for various cycles and the resulting current is
measured. In a redox process the resulting cyclic voltammogram shows a peak or
multiple positive peaks indicating oxidation is occurring due to the electrons being
emitted from the working electrode, or reduction peaks occur when the working
electrode gains electrons when the potential scan is reversed in the opposite
direction. These peaks indicate major phase changes experienced in the cathode

26

material from metal ions being intercalated or deintercalated. When the onset of
oxidation begins the current exponentially increases as the cathode is oxidized at
the working electrode, generally during a dual phase equilibrium in battery
materials.

Galvanostatic Cycling with Potential Limitation (GCPL)

Galvanostatic cycling with potential limitation is used for performing charge
discharge experiments and is the standard protocol for studying battery
performance. The performance of a battery is determined as a function of its
charge and discharge conditions, which are generally a given rate and a potential
range. Upon charging the technique applies a constant positive current to the cell
and then once the upper potential limit or voltage cut off is reached the program
switches to potentiostatic mode and the current then equilibrates and ensures a
relaxation period before discharge. Upon discharge the system applies a negative
current until the lower cut off limit is reached and held until the current
equilibrates. GCPL is also used in galvanostatic intermittent titration technique
GITT which is discussed in detail in the next section. In the GCPL experiment, the
galvanostatic rate is usually expressed as C/h, h being the number of hours needed
for the nominal battery capacity (which involves both positive and negative
electrodes) to pass through. When studying a given electrode material, then C is
in general the charge corresponding to the total expected reduction/oxidation of
the intercalation species in that electrode. Often one considers the specific
capacity of an intercalation electrode material per weight (mA.h/g for example)
and the galvanostatic rate can be expressed in current per active mass (mA/g). In
battery protocols, entering the electrode characteristics in the corresponding
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window gives access to the theoretical capacity of a given electrode, from which
the charge/discharge currents can be determined depending on the rate which
needs to be applied. A continuous dependence of the potential vs. composition
corresponds to a solid-solution single-phase domain, whereas a potential plateau
corresponds to a two-phase domain.

Galvanostatic Intermittent Titration Technique (GITT)

The galvanostatic intermittent titration technique (GITT) is a procedure
useful to retrieve both thermodynamics and kinetic parameters, such as the
diffusion coefficient. The voltage-composition relation can be determined either
in a current-controlled mode or in a potential-controlled mode, GITT or PITT.
The GITT procedure consists of a series of current pulses, each followed by a
relaxation time, in which no current passes through the cell. The current is
positive during charge and negative during discharge. During a positive current
pulse, the cell potential quickly increases to a value proportional to the 𝑖𝑅 drop,
where 𝑅 is the sum of the uncompensated resistance 𝑅𝑢 and the charge transfer
resistance 𝑅𝑐𝑡

𝑅 = 𝑅𝑢 + 𝑅𝑐𝑡

Afterwards, the potential slowly increases, due to the galvanostatic charge pulse,
in order to maintain a constant concentration gradient. When the current pulse is
interrupted during the relaxation time the composition in the electrode tends to
become homogeneous by Li-ion diffusion. Consequently, the potential first
suddenly decreases to a value proportional to the 𝑖𝑅 drop, and then it slowly
decreases until the electrode is again in equilibrium when slope of the coloumetric
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titration curve, 𝑑𝐸/𝑑𝑡 ≈ 0 and the open circuit potential (OCP) is reached. Then,
the galvanostatic pulse is applied again, followed by current interruption. This
sequence of charge pulse followed by a relaxation time is repeated until the
cathode is fully charged. During a negative current pulse, the opposite holds. The
cell potential quickly decreases to a value proportional to the 𝑖𝑅 drop. Then, the
potential slowly decreases, due to the galvanostatic discharge pulse. During the
relaxation time, the potential suddenly increases by a value proportional to the 𝑖𝑅
drop, and then it slowly increases, until the electrode is again in equilibrium (i.e.,
when 𝑑𝐸/𝑑𝑡 ≈ 0) and the OCP of the cell is reached. Then, the following
galvanostatic pulse is applied, followed by current interruption. This sequence of
discharge pulse followed by a relaxation time is repeated until the battery is fully
discharged. To calculate the diffusion coefficient the following equation is used
with the information provided from the GITT experiment.

δE
4 i(VV )
= S
Y [ δxaδE b
π SF
δ√t

Z

Z

DOP

Here, i is the current (A), Vm is the molar volume of the electrode (cm3/mol), F is
the Faraday’s constant (96485 C/mol), S is the electrode/electrolyte contact area
(cm2) measured by BET,

cd
ce

is the slope of the coulometric titration curve, found

by plotting the steady state voltages E (V) measured after each titration step x;
cd
c√ f

is the slope of the linearized plot of the potential E (V) during the current pulse

of duration t(s).
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Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy is a versatile electrochemical
characterization technique which is used to study the dynamics of bound or mobile
charges. Based on the instrument set up, bulk solids and liquids can be
investigated individually or together, such as the formation of the solid electrolyte
interface on the surface of a cathode film. Impedance is the measure of the ability
of a circuit to resist the flow of electrical current fitted to an equivalent electrical
circuit model in which the elements represent the basis of the physical
electrochemistry of the circuit, in its simplistic form, the ideal resistor being
represented by Ohm’s law;
𝑅=

𝐸
𝐼

Where 𝐸 is voltage potential and 𝐼 is current and 𝑅 is resistance. The basic ACimpedance spectroscopy experiment consist of applying an AC voltage over a
range of frequencies to the electrodes and observing the current response
revealing the transport of electrons through current collectors, the electrodeelectrolyte interface, and the flow of ions through an electrolyte. When the system
is exposed to an applied potential difference the interfaces polarize.
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Figure 15. Current and voltage as a function of time. Sinusoidal phase shift

Electrochemical impedance is normally measured using a small excitation signal.
This is done so that the cell's response is pseudo-linear. In a linear (or pseudolinear) system, the current response to a sinusoidal potential will be a sinusoid at
the same frequency but shifted in phase (Figure 15) which can be expressed as a
function of time;
𝐸h = 𝐸? sin(𝜔𝑡)

where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the
radial frequency. The relationship between radial frequency ω (expressed in
radians/second) and frequency (expressed in hertz) is;

𝜔 = 2𝜋𝑓

In a linear system, the response signal, It, is shifted in phase (Φ) and has a
different amplitude than I0;
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𝐼h = 𝐼? sin (𝜔𝑡 + 𝜙)

An expression analogous to Ohm's Law allows us to calculate the impedance of
the system as:

𝑍=

𝐸h
𝐸? sin (𝜔𝑡)
sin (𝜔𝑡)
=
= 𝑍?
𝐼h
𝐼? sin (𝜔𝑡 + 𝜙)
sin (𝜔𝑡 + 𝜙)

The impedance is therefore expressed in terms of a magnitude, Zo, and a phase
shift, Φ. With Eulers relationship;

exp(𝑗𝜙) = 𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙

it is possible to express the impedance as a complex function. The potential is
described as,

𝐸h = 𝐸? exp(𝑗𝜔𝑡)
𝐼h = 𝐼? exp (𝑗𝜔𝑡 + 𝜙)

The impedance is then represented as a complex number,

𝑍 (𝜔 ) =

𝐸
= 𝑍? exp(𝑗𝜙) = 𝑍? (𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙)
𝐼

The flow rate of charged particles depends on the ohmic resistance between the
electrodes generated by the reaction rates at the electrode-electrolyte interface.
Battery cell EIS data is fitted to an equivalent circuit model. Common electrical
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elements of a battery can be described with resistors and capacitors. The
impedance of a resistor having only a real impedance component is simply,

𝑍=𝑅

Capacitors do not behave ideally in EIS experiments, they behave more like
constant phase elements where the impedance of a capacitor is,

𝑍stu =

1
(𝑗𝜔)w 𝐶

Where j = √−1 giving an imaginary component, 𝜔 is the radial frequency, 𝛼 in a
constant phase element is less than 1 and in a capacitor it is equal to one, and C
is the capacitance.
The expression for Z(ω) is composed of a real and an imaginary part. If the
real part is plotted on the X-axis and the imaginary part is plotted on the Y-axis
of a chart, we get a "Nyquist Plot" (see Figure 16). Notice that in this plot the Yaxis is negative and that each point on the Nyquist Plot is the impedance at one
frequency. Figure 16 has been annotated to show that low frequency data are on
the right side of the plot and higher frequencies are on the left.
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Figure 16. Nyquist plot with impedance vector of a simple resistor and
capacitor connected in parallel

Diffusion also can create an impedance called a Warburg impedance. The
impedance depends on the frequency of the potential perturbation. At high
frequencies, the Warburg impedance is small since diffusing reactants don't have
to move very far. At low frequencies, the reactants have to diffuse farther,
increasing the Warburg-impedance,

𝑍,

|

= 𝜎(𝜔){Z(1 − 𝑗)

On a Nyquist Plot the Warburg impedance appears as a diagonal line with an slope
of 45°. On a Bode Plot, the Warburg impedance exhibits a phase shift of 45° where
the real impedance equals the imaginary impedance. The Warburg coefficient is
described as,
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And to calculate diffusion the equation can be rearranged to,

Synthesis Challenges of Alkali Borides

It is worth mentioning before going into detail that there are many
challenges that surface when using elements with vast differences in melting point
(B: 2076°C, Li: 180°C, Na: 98°C), as well as their reactivity with conventional
crucible materials, all elements used are high reactive. Therefore, a combination
of crucible and ampoule materials are required due to successfully synthesis pure
phase alkali borides. Stainless steel tubing equipped with Swagelok caps were
used as ampoules that would accommodate the crucibles allowing enough
clearance to be manipulated. Initial experiments consisted of using high purity iron
crucibles which produced samples with many impurities due to side reactions with
the crucible. Lithium and sodium are both stable toward the stainless steel tubing,
but boron forms iron borides, consuming stoichiometric amounts of boron and
contaminating the sample. Molybdenum is more stable towards lithium as well as
favoring the slower formation of molybdenum borides which is simply corrected
by adding a 3% excess of boron[10].
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Synthesis and Electrochemical Characterization of Sodium
Carbaboride NaB5C

Introduction
NaB5C was first synthesized by Albert in 1998 and was characterized in the
typical cubic hexaboride space group Pm-3m using laboratory diffraction data.
NaB5C is isoelectronic with CaB6 due to the carbon replacing one boron in each
boron octahedra giving one extra electron totaling 19 electrons to the anion
framework [B5C]1- which is easily stabilized by a monovalent central atom. NaB5C
has structural features almost identical to CaB6 isostructural, spacegroup Pm3¯m,
a = 409.25 pm and z/c(B) = 0.2034 for NaB5C, and a = 415.37 and z/c(B) = 0.201
for CaB6. NaB5C exhibits p-type conduction compared to n-type conduction
observed in CaB6. The group also synthesized and characterized KB5C in the same
space group in which NaB5C and KB5C are reported to being small gap
semiconductors[15]. It should be noted that in the literature that NaB5C uses the
nomenclature of sodium carbaboride, when boron is less electronegative than
carbon therefore the real name should be sodium pentaborocarbide being carbon
the most electronegative element in the compound.
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Synthesis of Sodium Borocarbide NaB5C
NaB5C is prepared from the elements using hexagonal boron nitride (h-BN)
crucibles and sealed under argon (<0.1ppm O2) in 316 stainless steel Swagelok
ampoules. Boron nitride is stable towards sodium and boron, therefore was used
as a crucible material without any further preparation. Initial samples were
prepared in horizontal orientation stainless steel ampoules and in molybdenum
boats but samples were highly heterogenous with unreacted carbon and
contaminants such as NaB15, and B4C due to incomplete reaction as well as
reactivity with the molybdenum crucibles. Boron powder (Strem 99.9%, <1um) and
carbon (Strem 99.9%) were mixed in a 5:1 molar ratio and lightly ground with a
mortar and pestle. Mixed powders were ballmilled at 500 rpm for 2 hours in 15min
intervals prior to compacting, using stainless steel ballmill jars and 4 tungsten
carbide (WC) 8mm milling balls. Ballmilled powders were pressed in 5mm pellets
at 1 ton with a stainless steel die at room temperature. Pellets were loaded into
boron nitride crucibles mixed with a 5 molar excess of Na and sealed within
stainless steel ampoules. Highest purity samples are either prepared in one
crucible in a Na melt, or B5/C compacts were loaded separately from Na and
reacted in a 6x molar excess Na vapor[32]. Ampoules were loaded into tube
furnaces under a constant flow of dried Ar and sintered at 1000C for 96h. Brown
B5/C pellets react to a bluish black crystalline solid that have expanded from the
reaction with Na. Pellets are ground in a mortar and pestle to prepare for
distillation. Excess Na was removed by distillation with a Schlenk apparatus or
using short path distillation with a stainless steel Swagelok tube prepared in the
glovebox. Samples were also washed with EtOH for 3 days and centrifuge filtered,
but were still contaminated with sodium ethanoate which would also cause the
PVDF binder to decompose leading to agglomeration. NaB5C powders were
measured by FESEM (Figures 17-19) depicting what seem to be hexaboride cubic
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crystals of NaB5C, but are not perfect cubes but rather elongated indicating
orthorhombic symmetry further discussed in the refinement section. Ball milling
of the powders reduces particles size but not all particles were found to be
completely milled after 2 hours of milling at 500rpms. Prolonged periods of ball
milling were avoided to prevent straining and amporphization of the crystalline
structure as well as being reported to impede battery cathode performance[33].

Synthesis of NaB5C
Na + 5B + C

1000ºC 96h

NaB5C

Morito, H., Kimura, T., & Yamane, H. (2016). NaB5C–B5/C Composite Ceramics Prepared by Reaction Sintering in Na Vapor. Journal of the American Ceramic Society, 99(7), 2422–
2427. https://doi.org/10.1111/jace.14204

Figure 17. Visualization of the synthesis method with the Swagelok ampoule after reaction.
7
Crucible configuration inside ampoule. FESEM image of final product NaB5C crystals
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Figure 19. FESEM image taken at 60k magnification of ballmilled NaB5C

Figure 18. Low magnification FESEM image of NaB5C crystals ballmilled at 500rpm for 2
hours
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Figure 20. FESEM image of NaB5C cubic crystals hand ground in a mortar and pestle. Top (low
magnification) Bottom (high magnification)
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Chemical Deintercalation of Sodium Carbaboride NaB5C with Bromine
Br2
Deintercalations of NaB5C were investigated by using bromine as an
oxidizing agent in acetonitrile. The standard reduction potential for Br2 +2e- is
1.087 V and the reduction potential for Na + e- is -2.71 V thus sodium will react
with bromine and form NaBr spontaneously. NaB5C powders were deintercalated
by preparing a 0.3M Br2 and diluted according to the level of oxidation in an
acetonitrile solution to remove stoichiometric amounts of sodium to theoretically
produce Na0.8B5C, Na0.6B5C, Na0.4B5C, and complete deintercalation reported as
Na0.005B5C. The reaction;

NaB5C +

|{}
Z

Br2 à Na1-xB5C +xNaBr

was carried out in glass vials and left under stirring for 4 weeks. Upon completion,
samples were washed with anhydrous acetonitrile 3 times by centrifugal
separation then dried under vacuum. PXD, SPXD, B k-edge XANES and EDS
elemental analysis was carried out on the deintercalations. Laboratory diffraction
patterns show that NaBr was not completely washed out from the samples, <5%
confirmed by refinement of synchrotron x-ray data in the Na0.8B5C sample which
contained the most NaBr based on peak intensity, nevertheless its presence
indicates that the reaction had occurred without the decomposition of the parent
phase NaB5C (Figure 20). It was evident that higher resolution diffraction data
were needed to resolve peak shoulders and small peaks in the background to
ensure accuracy of the sodium content and to reveal new phases.
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NaB5C

Na0.8B5C

Na0.6B5C

Na0.4B5C

Na0.05B5C

Figure 21. Laboratory diffraction of chemically oxidized NaB5C data collected with Cu-Ka
(1.541874) angstrom. Black lines identify carbon impurity in the parent phase with including
black triangle. Red triangles are NaBr
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Energy Dispersive Spectroscopy of Chemically Oxidized Sodium Carbaboride
NaxB5C

Elemental analysis was carried out on the chemically deintercalated series
using energy dispersive spectroscopy on a Hitachi S-3400 SEM equipped with a
tungsten filament operating at 20kV and working distance of 10um. Sodium, boron,
and bromine were selected to be analyzed using the parent phase Na1B5C as the
standard for Na to B ratio. Based on the Ritvield refeinment the amount of sodium
corresponding to NaBr is 4% in the Na0.8B5C sample. EDS analysis was performed
focusing on whole particles at the highest resolvable resolution range of the SEM.
Ten particles were measured and the average Na to B ratio was normalized to the
signal. Accuracy and precision of the measurement to be used quantitatively was
low compared to the refinement data, but nevertheless a general down trend can
be observed in the percent sodium content with respect to the amount of oxidation
confirming the oxidation reaction occurred which is in agreement with the sodium
content refined in the oxidized samples. Example EDS measurements of the
oxidized series of samples are described in the following pages with the calculated
percentages weight and atomic percent.
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Element

Weight%

BK
Na K
Br K

Atomic%

80.16
19.83
0.01
Totals

89.58
10.42
0.00

100.00

Figure 22. EDS of Na1B5C with normalized weight % and atomic % for Na, B, Br
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Element
BK
Na K
Br K

Weight%

Atomic%

84.47
92.07
15.45
7.92
0.08
0.01
Totals
100.00

Figure 23. EDS of Na0.8B5C with normalized weight % and atomic % for Na, B, Br
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Element
BK
Na K
Br K

Weight%
87.12
12.59
0.29
Totals
100.00

Atomic%
93.60
6.36
0.04

Figure 24. EDS of Na0.6B5C with normalized weight % and atomic % for Na, B, Br
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Element

Weight%

BK
Na K
Br K
Totals

Atomic%

91.03
95.65
8.74
4.32
0.23
0.03
100.00

Figure 25. EDS of Na0.4B5C with normalized weight % and atomic % for Na, B, Br
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Element Weight%

Atomic%

BK
93.19
96.83
Na K
6.37
3.11
Br K
0.44
0.06
Totals
100.00

Figure 26. EDS of Na0.4B5C with normalized weight % and atomic % for Na, B, Br
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Argonne National Laboratory Advanced Photon Source Beamline-11
Synchrotron Diffraction of Chemically Deintercalated Sodium Carbaboride NaB5C

Deintercalated samples were sent to the mail in program at the Argonne
National Lab Beamline – 11 Advanced Photon Source Laboratory offering the
highest resolution possible for diffraction. Data were collected on a spinning
sample (60 Hz) over the 0.5–55 ° 2 θ range with a 0.001 ° step size at room
temperature using a wavelength of λ = 0.457895 Å. Phase analysis of the
synchrotron data revealed the impurity phases of the parent compound were a
small amount <1% total of unreacted carbon 3R, elemental boron, boron carbides,
and sodium borides. Albert was also unable to produce high purity single phase
NaB5C without a carbon impurity[15,34]. Some of the impurity phases from the
parent compound were washed out after the chemical oxidation (Figure 26), but
NaBr was washed out almost completely, only 4% NaBr in the sample refined to
Na0.88B5C. Strong intensity reflections from NaBr are due to its m-3m cubic
symmetry and having a multiplicity of 48. The appearance of a secondary phase
can be seen by the fine reflections at 4.35 (Na0.8B5C), 5.34, 8.24(Na0.8B5C), 15.66,
22.54 (Na0.8B5C), not observed in the unreacted parent structure. The
decomposition products found in the completely oxidized sample Na0.05B5C
contained the parent structure, sodium borides NaB15 Na3B20, the carbon impurity
from the parent material, as well as an unidentified decomposition phase which is
electrochemically irreversible and its identification is outside the scope of this
work.
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Na0.05B5C

Na0.4B5C

Na0.6B5C

NaBr

Na0.8B5C

Na1B5C

Figure 27. Argonne National Lab Synchrotron Radiation SPXD of bromine deintercalated
NaxB5C with red triangles depicting NaBr reflections.
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Figure 28. Phase analysis of synchrotron diffraction data. Black lines assigning NaB5C
reflections. Red lines are NaBr reflections. Black triangles represent carbon impurity. Yellow
triangles are NaB15 Na2B20 impurity phases. Blue triangles depict new reflections post oxidation.

Figure 29. SPXD Complete oxidation of NaB5C. Decomposition products NaB15 ( blue) Na2C2
(turpquois)
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Rietveld Refinement of Synchrotron Diffraction Data

Structure refinement of the synchrotron x-ray data was performed using
the program GSASII using the Rietveld method. The parent phase Na1B5C was
refined in the monoclinic P2/m space group with a single phase refinement with
the impurity phase region excluded (7.46 – 8.00 2𝜃). Originally Albert had refined
NaB5C in the Pm-3m space group using laboratory diffractometer. Synchrotron
radiation revealed the very fine doublet shoulders on the characteristic
hexaboride reflections (Figure 30) not resolved with laboratory x-ray equipment.
This allowed for the identification of the monoclinic P2/m spacegroup performed
by GSASII.

Figure 30. First refined peak of sample Na1B5C where a very fine shoulder and peak in the
tail is resolved at 6.44 2theta
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Figure 31 Observed (blue crosses), calculated (green solid line), difference (cyan
solid line) profiles and Bragg reflections (tick marks) for the Rietveld refinement
of NaB5C from SPXD data. The tick marks correspond to the positions of NaB5C.

Table 1. Crystallographic data for NaB5C from Rietveld refinement of SPXD
data.*
Atomic Wyckoff
x
y
z
Occupancy 102 Uiso
position position
(Å2)
Na
1a
0
0
0
1.04(1)
2.21(2)
B1
2n
0.4978(11)
1/2
0.2115(5)
1
3.15(5)
B2/C
2n
0.1995(7)
1/2
0.5050(6)
0.5/0.5
1.33(7)
B3
2l
1/2
0.1907(8)
1/2
1
0.86(4)
*Space group P2/m (No. 10). a = 4.0771(1) Å, b = 4.0993(1) Å, c = 4.0943(1) Å,
b = 90.272(1) ⁰, V = 68.428(4) Å3; Rwp = 9.0%; reduced c2 = 1.1%.
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Table 2. Crystallographic data for Na0.88B5C
data.*
Atomic Wyckoff
x
y
position position
Na
4o
0.0339(1) -0.0001(5)
B1
2n
0.5016(7)
1/2
B2/C
2n
0.1982(5)
1/2
B3
2l
1/2
0.1867(5)

from Rietveld refinement of SPXD

z

Occupancy

0.0358(6)
0.2042(6)
0.5084(6)
1/2

0.220(1)
1
0.5/0.5
1

102 Uiso
(Å2)
1.48(6)
3.19(9)
1.43(7)
2.33(7)

*Space group P2/m (No. 10). a = 4.0850(1)Å, b = 4.0951(1) Å, c = 4.0873(1)
Å, b = 90.263(1) ⁰, V = 68.37(3) Å3; Rwp = 9.5%; reduced c2 = 1.1%.
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Table 3. Crystallographic data for Na0.68B5C from Rietveld refinement of SPXD
data.*
Atomic Wyckoff
x
y
z
Occupancy 102 Uiso
position position
(Å2)
Na
4o
0.0418(8) -0.0087(5) 0.0156(10) 0.169(1)
0.93(5)
B1
2n
0.4994(3)
1/2
0.2014(4)
1
3.56(4)
B2/C
2n
0.2041(4)
1/2
0.5055(5)
0.5/0.5
3.60(5)
B3
2l
1/2
0.1817(5)
1/2
1
2.21(5)
*Space group P2/m (No. 10). a = 4.0852(3) Å, b = 4.0908(2) Å, c = 4.0888(2) Å,
b = 90.206(1) ⁰, V = 68.33(1) Å3; Rwp = 10.7%; reduced c2 = 1.39%.
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For Na1B5C, the cell volume was 68.402 Å3, had a sodium content
1.0188(17) slightly sodium rich which is not possible therefore is considered the
error in the refinement. The refinement revealed the cubic hexaboride type
material is not a perfect cube which is observed in the FESEM images which the
faces of the cube are not equal in width and length, but rather slightly elongated.
Na0.8B5C was refined to Na0.88B5C with a unit cell volume of 68.373 Å3. Na0.6B5C
was refined to Na0.68B5C with a cell volume of 68.33 Å3. Upon extraction of Na
the unit cell volume contracts which is in agreement with the DFT calculation
(Figure 35).

X-ray Absorption Near Edge Spectroscopy of NaB5C

Chemically oxidized NaxB5C powders were analyzed by boron k-edge xray absorption near edge spectroscopy (XANES) in Figure 32. The XANES
experiment is a highly surface sensitive technique therefore in all the powder
samples the peak observed at 194 eV is attributed to the B-O 𝜋 ∗ which is
observed in the CaB6 standards as well becoming the most prominent feature of
the spectra[17,35,36]. All NaxB5C samples have a distinct peak at 192.0 eV
corresponding to the B-B of the octahedra observed in the CaB6 standard. The
small shoulder peak at 192 in Na1B5C corresponds to the B-C bond between
octahedra which is not observed in CaB6 (not shown). The three types of boron
bonding environments are accounted. Upon 20% Na oxidation to Na0.8B5C, a sharp
increase in intensity can be observed at the transition at 192.5 eV becoming
significantly more pronounced than the parent sample. This event is matched in
the 3 oxidized samples. This can be interpreted as the boron from the B-C bond
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between octahedra becomes oxidized the intensity of the B-C peak at 192.5
increases and a shift in the edge can be observed in agreement with the degree
of oxidation on the boron-carbon bond between octahedra. The results from this
experiment are complementary to the first principal DFT calculations of the Bader
charge analysis described in the next section which states that upon extraction of
sodium, the boron-carbon bond from a neighboring octahedra is the boron being
oxidized.

Figure 32. XANES spectra of chemically oxidized NaB5C
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First Principal DFT Calculations of Sodium Diffusivity in Sodium Borocarbide
NaB5C

First principal density functional theory calculations were used to explain
the electronic situation in NaB5C upon sodium deintercalation. To accommodate
B/C ordering in DFT calculations a double unit cell with a formal stoichiometry
“Na2B10C2” is needed. The B/C ordering reported earlier by Poltavets group was
used[37]. This unit cell allows only for calculations of compounds with NaxB5C
(x = 0, 0.5, 1). Therefore, a large supercell was prepared with a formal
stoichiometry “Na8B40C8”. Thus, total energy of compounds with NaxB5C (x = 0,
0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) and corresponding potential of
sodium

deintercalations

can

be

calculated.

Pseudopotentials

from

the

SSSP_Precision library was used. The unit cells were relaxed with a wavefunction cut-off of 140 Ry, a density cut-off of 1120 Ry, a k-point mesh of 4 × 4
× 5, utilizing Quantum Espresso DFT code.

The intercalation voltage was

calculated based on the relation of V=ΔG/nF, where V is the voltage, ΔG is the
free energy of the reaction, n is the number of electrons exchanged in the reaction
and F is Faraday's constant (Figure 34, 35). The nudged elastic band (NEB)
approach was used for the calculations of the activation energy of Na1+ diffusion.
For the nudged elastic band method, a total of 7 images were used. From the
calculations, an activation energy of -2.7eV are needed to induce sodium diffusion
(Figure 36) in NaB5C which is in close agreement to the experimental data which
deintercalation is observed at 3V.
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x

a

b

c

alpha

beta

gamma

Volume, A3

0

7.76180618

8.22797059

8.27316732

89.99999994

89.99999972

89.99954304

528.35683730

Volume
normalized
(/8)
66.04460466

0.125

8.23791429

8.27650143

7.76608022

89.99999626

89.97161123

90.00000255

529.49989991

66.1874875

0.25

8.24945670

8.27623080

7.77061616

90.00000089

90.00046226

89.99999828

530.53421512

66.3167769

0.375

7.78012726

8.25689440

8.28066329

89.99999985

89.99999996

90.00791615

531.94723092

66.4934039

0.5

7.78873892

8.26330251

8.28587322

90.00000004

90.00000007

89.99864021

533.28464957

66.6605812

0.625

7.79924397

8.27041464

8.29038869

89.99999999

89.99999999

90.02573025

534.75473456

66.8443418

0.75

8.27761195

8.29698789

7.81095221

89.99999996

90.05465679

89.99999997

536.45006457

67.0562581

0.875

8.28659935

8.30615127

7.81922639

89.99999994

89.96254910

89.99999993

538.19526500

67.2744081

1

8.30516315

8.32566108

7.81620004

90.00000028

90.00001825

89.99999997

540.45876144

67.5573452

Figure 34. Table of Unit cell parameters calculated vs Na composition

Figure 35. Normalized volume vs Na content in NaB5C
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Figure 36. Activation energy (eV) for Na diffusion in NaB5C vs Na compostion

Figure 37. Electron density isosurface of highest occupied band at 6.3193 eV

Figure 38. Electron density isosurface of lowest unoccupied band at 7.9064 eV
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The electron density isosurfaces of the orbitals of the octahedral are shown
in Figure 37 and 38. Electron density isosurfaces (at 0.0065 e/Å3 for filled and at
0.005 e/Å3 for empty bands) for contributions of selected wavefunctions to the
electronic charge density at Gamma point for Na1B5C. The energy of the highest
occupied band is 6.3193eV where the boron – boron bond from the octahedra of
the highest occupied band are where hole localization occurs (Figure 38). Figure
38 is the lowest unoccupied orbital which is located on the boron-carbon bond
allowing for electron delocalization complementing the Bader charge analysis on
which upon 75% sodium removal the boron from the boron-carbon bond increases
in Bader charge from +0.47 to +0.56 (Figure 39).

Figure 39. Bader charge analysis representation of electron localization. The boron from the BC bond between octahedra is most oxidized
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Electrochemical Characterization of Sodium Borocarbide NaB5C

The electrochemical properties of NaB5C and the redox activity of its anion
framework were investigated. NaB5C was assumed to have low electrochemical
activity due to low electrical conductivity as well as a lack of Na vacancies
available for diffusion due to the symmetrical bonding nature. Carbon nanotubes
were used as an additive in the cathode slurry to promote conductivity between
particles, electrochemical activity was less observable until the addition of CNTs.
As mentioned in the cathode film preparation section, the cells were prepared in
a half cell configuration using a split cell. Quality of the cathode films played a
vital role for producing successful measurements, and therefor NaB5C’s alkalinity
made for preparation of the film to be rather burdensome. SEM imaging of cycled
films also did not have any visible changes or evidence of decomposition upon
deintercalation. Differences can be seen by the films before and after manual
calendering. A visible smoothing across the film can be observed which lowers
the porosity of the cathode film. The lowering of porosity leads to an increase in
diffusion as it makes the distance the ions need to travel shorter, based on
equations derived by Weppner and Huggins for GITT measurements and Ho et al
for electrochemical impedance measurements[38,39]. Scarce porosity can lead to
ion channels being blocked and diffusion could be hindered completely. Figure 40
shows a film post calendering and cycling and an overall smoothing of the film
agglomerates can be seen compared to an uncycled uncalendared film (Figure 41).
Laboratory x-ray diffraction patterns of electrochemically deintercalated NaB5C
films were prepared by extracting 0.2, 0.4, and 0.6 Na from the parent structure.
Films were charged at 0.004mA with a 3V cut-off limit until the amount of sodium
removed was reached. Films were then removed from the split cell and washed
with anhydrous acetonitrile to wash off the electrolyte and placed to dry on a
hotplate at 80 C for 2 hours. The films were measured in air due to the amorphous
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background signal from the acrylic air sensitive sample dome interfering with the
film’s peak intensity. Figure 42 shows the PXD of the series of electrochemically
deintercalated films in which the parent structure is retained in all deintercalations
as in the chemically deintercalated powders as well as the aluminum foil current
collector.

The film with 60% Na deintercalated, Na0.4B5C, had the weakest

intensity of peaks due to decomposition but active material is still present
consequently peak intensity is weakened. The unit cell parameters measured from
PXD of cycled films were compared to the bromine chemically deintercalated
samples and upon electrochemical deintercalation the parent structure also
remained intact as did the bromine deintercalated samples. Beyond cycling 40%
of sodium the peak intensities diminishes as the more of the sample decomposed.
Unit cell parameter calculations on GSAS were not refining well due to the
aluminum current collector as well as the background noise from the thin film
itself.

Figure 40 FESEM image of a calendered cathode film
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Figure 41. FESEM image of NaB5C cathode film uncalendared and uncycled

Na0.4B5C

Na0.6B5C
Na0.8B5C
- Carbon (2H)
- NaB5C
- Aluminum

Na1B5C

Figure 42. PXD of electrochemically deintercalated NaxB5C cathode films. 0.004mA current,
measured in 1M NaPF6 ethylene carbonate / propylene carbonate electrolyte
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Charge-Discharge of Sodium Borocarbide NaB5C in Sodium Hexafluorophosphate
NaPF6 Propylene Carbonate / Ethylene Carbonate Electrolyte

Initial experiments consisted of cycling NaB5C at very low current densities
(4uA, 0.5mA/g) when using organic carbonate electrolytes as well as lower
temperatures slightly elevated above room temperature to prevent electrolyte
decay. Cells were measured at elevated temperatures based on the assumption
on the electrical conductivities of NaB5C being very low[34], consequence to the
materials electronic symmetry, which would lead to slow diffusion rates and would
suffer in performance. Cells were plagued with improper electrolyte permeation
leading to bubbles, cathode film cracking and peeling, short circuiting and
instability. Cycling at 50 C lead to organic electrolyte decay observed by the black
sludge upon opening the split cells. The charge - discharge profile (Figure 43)
was measured in a 1.0M NaPF6 EC/PC electrolyte at 35 C by applying a very small
current of only 4.0uA with an upper voltage limit of 3.0V and lower limit of 1.5V
to ensure a delicate deintercalation and inhibition of electrolyte decay, since the
cells were heated for improved ionic conductivity. Upon initial charging the rate
of diffusion increases upon surpassing 10% sodium deintercalation which is
observed by the increase in the slope of sodium content vs time. This slope change
occurs during the switch from galvanostatic mode to potentiostatic where the
driving force is strictly due to the potential. On the first cycle 0.09 Na was
deintercalated and 0.11 Na was intercalated back into the structure during
potentiostatic conditions. On the second cycle 0.2 Na were cycled from Na1.1B5C
to Na0.81B5C and back to Na1.1B5C. The third cycle the amount of time required to
intercalate sodium back into the structure had doubled which was most likely
caused by the electrolyte’s long exposure to elevated temperatures creating a
very thick passivation layer on the surface from the electrolyte decomposition.
Another explanation can be due to the deep discharging of the battery which leads
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to electrolyte decomposing into a thick impermeable crust layer over the cathode
film. Nevertheless this demonstrates the first time a hexaboride anion framework,
transition metal free, and free from oxygen or sulfur, can be cycled reversibly at
close to room temperature. Reversible cycling is not observed when oxidizing the
film to 40% Na extraction. During discharge potentiostatic mode sodium
discontinued to intercalate into the film observed by the plateau in the Na content
vs. time profile (Figure 44) the Cycling at elevated temperatures and in high ionic
conductivity electrolytes can be used to increase cycling performance discussed
in the next section.

Figure 43. Charge-discharge of NaB5C cycled at 4.0uA, and 35C in a 1M NaPF6 EC/PC 1:1
electrolyte. The left axis corresponds to x in NaxB5C vs time, and the right axis is voltage vs
time.
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Figure 44. Charge discharge of NaB5C to Na0.6B5C in 1M NaPF6 EC/PC electrolyte indicating
irreversible cycling from Na0.6B5C
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Electrochemical Characterization of Sodium Carbaboride NaB5C in an Ionic
Liquid Electrolyte

Ionic Liquid Bis-Trifluoromethanesulfonylimide (NaTFSI) / N-propyl-Nmethylpyrrolidinium Bis(trifluoromethanesulfonyl)imide (Pyr13TFSI) Stability
Room-temperature ionic liquids have been recently considered as
alternative electrolytes for Li-ion batteries because they offer several advantages
over carbonate-based electrolytes: a high oxidation potential (∼5.3 V vs Liþ/Li0),
nonflammabil- ity, a low vapor pressure, better thermal stability, low toxicity, high
boiling points, and a high Li-salt solubility. Unfortunately, they have a higher
viscosity, which re- duces their Liþ-ion conductivity. Ionic liquids based on
imidazolium-based cations would appear to be the most appropriate candidates
for Li batteries due to their lower viscosity and a high Li-salt solubility at room
temperature[8].
In an attempt to further increase diffusion in the weak conducting cathode
material,

NaB5C

was

charge-discharged

trifluoromethanesulfonylimide

(NaTFSI)

/

in

a

0.5M

sodium

bis-

N-propyl-N-methylpyrrolidinium

bis(trifluoromethanesulfonyl)imide (Pyr13TFSI) ionic liquid electrolyte at an
elevated temperature of 75 C. Cathode slurry was prepared in a ratio of 80:7:3:10
NaB5C, C65 Timcal battery grade conductive carbon, multiwalled carbon
nanotubes, and polyvinylpyrrolidone (PVP) binder. PVP was selected as a binder
for this film due to its increased film adhesion to the current collector and stability
to the alkaline environment present in the slurry. The ionic liquid electrolyte
allows for more stability at elevated temperatures compared to organic
carbonates[40][41]. The ionic liquid electrolyte is prepared by drying the
Na(TFSI) at 110 C for 24h inside the argon glovebox. The Pyr1,3TFSI ionic liquid
is dried with fresh cut sodium pieces overnight prior to dissolving the salt. After
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drying, the salt is dissolved in the Pyr13TFSI ionic liquid for 6h. Sodium melts at
98 C which would lead to instability and short circuiting therefore cycling above
100C is undesirable for a coin cell application using Na metal. Stability of the ionic
liquid electrolyte remains stable between 1 – 3V and at 95 C (Figure 46) but after
prolonged periods beyond the necessary time demands for the charging
experiment, electrolyte decay would appear as a black sludge upon examining the
split cells. Charging beyond 3.2V causes electrolyte decomposition shown by the
linear sweep voltammetry from open circuit potential of the electrolyte measured
with an aluminum current collector and the stainless steel cell against Na (Figure
47), this particular batch of ionic liquid may have not been fully dried, implicating
the importance of drying with sodium prior to use. The reversible stability of the
ionic liquid electrolyte was measured with cyclic voltammetry at a rate of
0.01mv/s and demonstrates excellent stability at 50 C between 1V -3.2V (Figure
46). A temperature of 75 C for charge discharge experiments was selected to
promote increased diffusion and better ion mobility.

Figure 45 Linear sweep voltammetry of 0.5M NaTFSI/Pry13TFSI electrolyte with aluminum and
stainless steel current collectors at 95 C
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Figure 46. Cyclic voltammetry of 0.5M NaTFSI/Pry13TFSI electrolyte cycled at 0.01mV/s
between 3.2V – 1V at 50 C.

Figure 47. Cyclic Voltametry of 0.5M NaTFSI/Pry13TFSI cycled at 0.01mv/s at 50 C from open
cuircit to 4V - 1V
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Charge-Discharge of Sodium Carbaboride NaB5C in Ionic Liquid at 75 C

NaB5C was charge-discharged reversibly in a 0.5M sodium bistrifluoromethanesulfonylimide

(NaTFSI)

/

N-propyl-N-methylpyrrolidinium

bis(trifluoromethanesulfonyl)imide (Pyr13TFSI) ionic liquid electrolyte at an
elevated temperature of 75 C at a constant rate of 19.0uA (C/50 6mAg-1) with a
cut-off limit set to 3.0V and held until 25% sodium had been deintercalated on
initial charging (Figure 48). Upon reaching the 3V cutoff limit switching to
potentiostatic mode the rate at which sodium is deintercalated slows down as the
driving force is strictly due to the potential. This is observed by the current drop
observed in the bottom of Figure 48. The deintercalation rate then begins to
increase upon surpassing 10% sodium deintercalation which is observed by the
increase in the slope of sodium content vs time as well as the slope increase in
the current vs time profile. The initial intercalation returned 20% sodium leaving
5% vacancies available for diffusion preventing deep discharge. During initial
intercalation the potential vs time profile shows a slight slope decrease or
potential plateauing at Na0.8B5C. Super capacitance can be neglected as the
cathode material can support the potential and is limited beyond 2.8 on
consecutive cycles. The B5C framework readily supports the solid state diffusion
of Na into and out of the central position between Na1-0.8B5C.
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Figure 48. Charge Discharge of NaB5C in 0.5M NaTFSI Pyr1,3TFSI ionic liquid electrolyte
cycled C/50 at 75 C cell voltage vs time, and current vs time.
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Voltage (V)
Figure 49. Coloumetric Titraction of the first 2 cycles after initial charging in
NaTFSI/Pry13TFSI at 75 C with a current density of 6mAg-1

The coulometric titration of NaB5C is shown in Figure 49. The equilibrium
potential of the cell was 2.37V, galvanostatic charge with potential limitation was
applied to 20% Na reversibly with 8 cycles retaining its capacity of 60mAhg-1.
The reaction:
NaB5C -> Na1-xB5C + Nax + xe-1
is reversible and exhibits a solid solution diffusion upon deintercalation and
intercalation of sodium. On the first discharge, the potential steadily decreased to
1 V upon sodium intercalation. The lack of a plateau region indicates continuous
solid solution deintercalation of sodium with no apparent two phase equilibrium
between a sodium composition range of 0.95 – 0.70. The structure also doesn’t
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support the potential well at any of the composition range below 0.8. The
hexaboride

B5C

structure

is

retained

therefore

sodium

deintercalation

intercalation is topotactic even as sodium vacancies are formed which is
confirmed by powder x-ray diffraction of the cathode films measured at different
sodium contents where the NaB5C structure is retained for all states of charge
and after charge discharge cycles (Figure 42).

Determination of Sodium Diffusion in Sodium Carbaboride NaB5C using
Galvanostatic Intermittent Titration Technique (GITT)

Figure 50. GITT measured at 75 C in Ionic Liquids. 4uA 10min pulse with 15min relaxation
period. Highlighted red line on magnified region indicates the portion where dE/dt1/2 is measured
at each pulse step.

74

Figure 51. GITT measured at 75 C in Ionic Liquids. 4uA 10min pulse with 15min relaxation
period. Highlighted red line on magnified region indicates the portion where dE/dt1/2 is measured
at each pulse step.

GITT was used to investigate the sodium intercalation-deintercalation process in
NaB5C in NaTFSI/Pyr13TFSI ionic liquid electrolyte at 75 C. For this experiment
a very small current pulse of 0.004 mA is applied for a duration of 600 s (each
step corresponding to x = 0.00036 in NaxB5C and a relaxation step at open circuit
for 900s (Figure 50). The chemical diffusion coefficient of sodium DNa was
calculated according to equation (1) derived by Weppner and Huggins[39]:

DOP

Z δE
4 i(VV )
= S
Y [ δxaδE b
π SF
δ√t
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Z

where VM is the B5C molar volume (41.26 cm3 mol-1), S is the contact area between
electrolyte and sample (3.85 cm2), F is the Faraday constant (96486 C mol-1), Ij is
the applied constant electric current (4 uA), yE/yx is the slope of the coulometric
titration curve while yE/yt1/2 is the slope of the short time transient voltage
change. Figure 51 shows an example of the E – E0 vs t1/2 plot recorded at
Na0.75B5C after applying a 4uA pulse. The plot was found linear with a slope of
0.00214 V s-1/2.
Figure 52 shows the chemical diffusion coefficients as a function of x in
NaxB5C obtained by the substitution of the slopes calculated at different value of
x in equation 1. The diffusion coefficient was found to range from 1.57 x 1013

cm2s-1 at Na0.9B5C then rapidly decreases to 7.5 x 10-17 cm2s-1 at Na0.8B5C.

Figure 52. Representation of the transient voltage of the galvanostatic pulse as a function of the
square root of time for Na0.75B5C. The slope of the curve was found 0.00214 V s-1/2.
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The chemical diffusion coefficients values are low compared to other active
materials used in lithium batteries such as LiFePO4 or NMC cathodes [42–44].

Figure 53. The plot of the sodium diffusion coefficients obtained from GITT as a function of
sodium content x in NaxB5C.
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In-situ Electrochemical Impedance Spectroscopy During Charging of Sodium
Borocarbide NaB5C in Carbonate Electrolytes

Figure 52 shows the discharge profile of NaB5C with impedance
measurements taken at relaxation during open circuit conditions at varying
concentrations of NaxB5C. The cell was prepared with in a half cell configuration
NaB5C cathode with sodium anode filled with 1ml of a 1M NaPF6 EC/PC electrolyte
and measured at 35 C to prevent carbonates from decomposing. The sample
charged linearly under galvanostatic conditions between Na1-0.8B5C reaching the
cut off limit of 3V. Discharging under potentiostatic mode changed the slope of
the Nax/t and the measurement was stopped at Na0.7B5C. Figure 53 shows Nyquist
impedance plots under open circuit conditions for 4 different compositions taken
under in-situ conditions. The semicircles have a high-frequency intercept that
identifies the resistance of the electrolyte being 63 ohm. There are two
semicircles which indicate the resistance of the solid electrolyte interface being
formed (Figure 54) by the first semicircle, and the second one is the charge
transfer resistance of the electron to the current collector being around 2k ohm
which is indicative of a poor quality film. Never the less the diffusion coefficient
was measured by the low frequency region of the impedance data and the Warburg
coefficient was calculated by the slope of the real impedance vs inverse square
root of the angular frequency to give a linear relationship (Figure 55). The
diffusion for Na in NaB5C was measured to be 10-18 – 10-19 cm2s-1 using the
surface area approximation of 20cm2g-1 BET surface area. The sample has 8.3mg
of film measured therefore the surface area for this measurement used was
0.1cm2. This result is in agreement with the diffusion coefficients from the ionic
liquid electrolyte data discussed in the next section.

78

10.1
x

0.05
0.95

2

∆ Na in NaB5C

|Ecell/V|

3

0.0
0.9

1
0

time/h

200

Figure 54. Discharge profile of NaB5C with EIS measured every 10% Na removed in
carbonate electrolyte at 35 C. Each segment corresponding to 10% Na extracted starting at
blue on the left
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Figure 55. PEIS of NaxB5C taken at Na1(purple), Na0.9(blue), Na0.8(turqoise), Na0.7(red).
Measurement conditions (10kHz-10mHz 1mV amplitude) at 35C in organic carbonate
electrolytes with a model circuit

Figure 56. Real impedance vs inverse square root of the angular frequency of the low frequency
region of the impedance data.
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In-situ Electrochemical Impedance Spectroscopy During Charging of NaxB5C
in Ionic Liquid Electrolyte
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Figure 57. Discharge profile of NaB5C with relaxation period of 2h with the impedance measured every
10% Na extracted. Electrolyte was 0.5M NaTFSI Pyr13TFSI at 75 C. Each segment color corresponding
to 10% deintercalated starting at Na1 in blue on the left.

Figure 56 shows the deintercalation charging of NaB5C with relaxation and
PEIS measured at every 10% sodium was removed. The cell measurement was
relaxed up completion of the removal of 10% sodium for 1 hour to allow for the
system to equilibrate before the impedance was measured. It was observed that
during the relaxation time the cell loses its potential very rapidly. Beyond 20% Na
removed the cell potential is sustained at ~2.8V. Figure 57 shows Nyquist
impedance plots under open circuit conditions for six different compositions taken
under in-situ conditions. The semicircles have a high-frequency intercept that
identifies the ionic conductivity of the electrolyte. At lower frequencies, the
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Figure 58. Nyquist impedance spectra for NaxB5C at various sodium content x. Frequency range
10kHz – 10mHz.

charge transfer resistance between the electrolyte and the active material can be
observed by the width of the semicircle. The charge transfer resistance increased
with extraction of sodium to a composition of Na0.8 and then decreased as more
sodium was extracted. At very low frequencies the Warburg impedance can be
identified by the linear region of the plot. Warburg impedance is related the to the
diffusion of sodium ions throughout the cathode material. By using the model
proposed by Ho et al., [38], the diffusion coefficient for NaxB5C was calculated
by using equation:
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where R is the gas constant (8.314) T is temperature (kelvin), A is the contact
area between electrolyte and sample (3.85 cm2), n is the number of electrons
transferred (1) F is the Faraday constant (96486C mol-1), C is the concentration
of the electrolyte (0.5), and sigma is the Warburg Constant.
Figure 58 shows the plot of the real impedance as a function of the inverse
square root of the angular frequency for different sodium contents for Na1-0.5B5C.
A linear behavior was observed for frequency values of 1 Hz – 10mHz. The
diffusion coefficients of sodium for different x values in NaxB5C obtained by
applying the curve slopes into equation 2 are reported in table 4 with the
corresponding GITT calculation for comparison.

Figure 59. Real impedance as function of the inverse square root of the angular
frequency of the low frequency range of the impedance measurement

83

x in NaxB5C
1
0.9
0.8
0.7
0.6

GITT
1.2535 x 10-16
1.0683 x 10-16
1.1237 x 10-16
7.918 x 10-17

Impedance Spectroscopy
6.073 x 10-17
9.166 x 10-17
5.722 x 10-17
4.948 x 10-17
4.137 x10-17

Conclusions
NaB5C was synthesized from the elements using a conventional ceramic
method in a Na vapor or melt. From the first principal DFT Bader analysis it is
observed that the intercluster B-C bond is the most oxidized in the framework in
agreement with the shift observed in the B K-edge XANES experimental data of
chemically oxidized NaxB5C. Chemically oxidized NaxB5C were refined to
Na0.88B5C and Na0.68B5C in the monoclinic P2/m spacegroup and the unit cell
parameter contracts upon sodium extraction in agreement with first principal
calculations. NaB5C was charge and discharged 8 cycles between 3-1V at current
density of 6uAg-1 (C/50 exhibiting a capacity of 60mAhg-1 deintercalatingintercalating 20% Na. The reaction is defined as solid solution and topotactical
based on the linear voltage dependence and the parent B5C is retained at a
composition of Na0.68B5C. Na diffusion was measured by PEIS and GITT to 5 x 1017

cm2g-1. These insights should lead to electrochemical investigations of purely

hexaboride compounds such Li2B6 which could provide huge energy density
increases discussed in the next chapter.
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Synthesis and Electrochemical Characterization of Lithium
Boride LixB9

Introduction
We showed attraction to the lithium borides based on previous studies which
indicate high lithium mobility from incomplete site occupancy and low molecular
mass making for an attractive energy storage material for their high theoretical
energy densities[10,45,46]. Our selected candidate Li2B6 was chosen due to its
large theoretical energy density and having been synthesized before.
Li2B6 has multiple site occupancies being able to fit 2 Li atoms within a twisted
hexaboride

octahedral

framework

as

well

mixed

ionic

and

electronic

conductivities with residual electron density between two positions which are

Figure 60. Left, structure of Li2B6. Right, Li2B6 projected along the [001] axis depicting the
twisted octahedra and lithium positions and partial occupation sites of Li [42] taken with
permission from Dilithium Hexaboride, Li2B6, Z. Anorg. Allg. Chem. 1999. 625 (1999) 1207–
1211

85

indicative of partial lithium occupation and of high Li mobility just like in LiB~10
Li3B14[45]. The lithium to boron ratio in Li2B6 (0.33) is higher than Li3B14 (0.21)
and the molecular mass of the unit cell is much smaller (78.74 gmol-1) compared
to Li3B14 ( 172.16gmol-1 ) below half the mass drastically increasing the theoretical
energy density to a whopping 680mAhg-1 and 1700mWhg-1 making it a highly
attractive material to study for redox activity. Panda had also synthesized a
compound as what was described as Li2B9 with almost identical x-ray diffraction
patterns as the Li6B18(Li2O)x despite using the same purification techniques
described by Mair during the synthesis of Li3B14. Panda was able to confirm that
no oxygen was present in her samples after synthesis by EELS. Discrepancies in
their refinement particularly on the amount of lithium atoms present in the

Figure 61. Left is the Crystal structure of Li2B9 proposed by Panda. Right image is the crystal
structure of Li6B18(Li2O)
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structure lead to the possibility of them not publishing the material as well as
unidentified impurity phases. It is why we believe this is Li3B9 and not Li2B9 since
the material contains a pore with six octahedra connected by a bond shown in
Figure 53 the same as Li6B18(Li2O)x which the structure is stabilized by Li2O.
Despite extensive efforts in an attempt to synthesize Li2B6, only the very first
sample contained a mixture of Li2B6 and the structure for Li6B18(Li2O)x.
The refinement of LiXB9 was performed initially by Panda with GSAS
EXPGUI and described as Li2B9 under the Ibmm space group but the structure
wasn’t published due to impurity phases not being identified. A discrepancy is that
this compound LiXB9 has an almost identical crystal structure to Li6B18(Li2O). The
crystal structure which was refined has only 2 lithium atoms in the unit cell
with zig zaging lithium atoms occupying the larger channel and one lithium
occupying the smaller pore (Figure 60). This is a lower lithium to boron ratio
comparing that to Li6B18(Li2O) (8:18, Li:B respectively) having Li2O necessary to
stabilize the structure[47] and Li2B6 having a tighter octahedral network with the
same ratio of lithium to boron indicating that the refeinment performed by Panda
of Li2B9 is incorrect and therefore we imply that the material is suspected to be
Li3B9.
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Solid State Synthesis of Lithium Borides LixB9 and Li2B6
Boron rich lithium borides Li3B9 were prepared from the elements following
a modified synthesis procedure from the literature[10],[32]. Molybdenum
crucibles were washed sanded and polished with sand paper and a wire brush.
Then rinsed in aqua-regia, and deionized water to remove the oxidized layer.
With a clean wire brush the inside of the crucible was polished then wiped with
2-propanol to remove residue from polishing and then immediately handled under
inert argon atmosphere to prevent further oxidation. 1.3g of boron (Strem,
99.99%, <1um) and a large molar excess of 1.0g lithium string(Sigma Aldrich 95%),
to act as a flux, were loaded in one Mo crucible and sealed in the ampoule under
inert atmosphere. Combining the starting materials in one crucible led to
heterogenous samples. Commercial lithium contains 1-2% Li2O leading to the
formation of Li6B18(Li2O). To purify lithium in a one-step purification synthesis,
two crucibles are stacked inside of the ampoule by separating Li in the bottom
crucible and boron in the other which produces a partial pressure of Li via a onestep synthesis in a similar synthesis procedure described by Morito et. al[32].
Ampoules were placed in a tube furnace ramped to 1273K for 10h and held for
96h under a constant flow of Ar. Excess lithium is removed via distillation by
placing the crucible in a long ampoule long enough to extend into the cold zone of
the furnace so Li can condense. Samples still contained LiOH impurities due to the
incomplete removal of all the excess lithium. The highest purity samples were
synthesized at 900C for 96h and quenched samples contained high crystallinity
shown by the sharper peaks from the powder diffraction samples (Figure 41).
Powder samples were extremely sensitive to air as they would rapidly change
from bright red to green and then violently react bursting in flames emitting toxic
borane

gases,

which

was

also

observed

by

Mair

after

synthesizing

Li6B18(Li2O)[47]. Samples were measured under inert atmostphere with the
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airfree polyacrylamide dome where the broad amorphous peak in the background
can be seen in the diffractograms at around 25 – 40 2theta.

Unquenched

Quenched

- Li3B9
- LiOH

Figure 62. Bruker D2 Phaser lab PXD of Li3B9 synthesized at 900 C for 96h and slow cooled.
Bottom is synthesized at 900 C and quenched from high temperature
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High Pressure Synthesis of Dilithium Hexaboride Li2B6
It was assumed there could be a possibility that Li2B6 could be a high
pressure polymorph of the lithium boride series with a Li:B ratio of 1:3. This arises
from the first sample of the lithium boride series synthesized which contained both
Li2B6 and Li2B9 in which the elements boron and lithium were placed in
stoichiometric amounts in a very small reaction ampoule which allowed for higher
pressures to be reached. Subsequent synthesis experiments used much larger
ampoules only producing the Li2B9 polymorph, assuming that Li2B6 is a high
pressure polymorph as well as a high temperature polymorph. In an attempt to
synthesize Li2B6 from LixB9, a reaction was carried out in a high pressure Parr
autoclave to subject LixB9 to high pressure with moderate temperatures to reorder
the octahedra into a tighter closed packed hexaboride configuration. Li2B9 was
placed in a stainless steel crucible and sealed inside of the Parr autoclave
hermetically with a graphite gasket and the six bolts were torqued in a star
formation progressively a ¼ of turn down to 100Nm. The system was placed inside
a purgebox for safety for unexpected failure of the gasket or autoclave. The
system was brought up to pressure by filling the autoclave with unregulated Ar
pressure 2500psi from the tank and isolating the system by closing the valve on
the autoclave. The system was brought up to 500 C at a rate of 100 C/h and
allowed to react for 24h. The pressure reached 3500psi when the system reached
maximum temperature. Upon cooling and removal of the sample, no signs of the
formation of Li2B6 were present in the PXD (Figure 63 blue lines). The experiment
was not repeated due to its complexity and also coming to the conclusion that
Li2B6 is a high temperature polymorph of Li3B9 not high pressure.
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Figure 64. First synthesis attempt at Li2B6 (black lines) mixed with Li3B9 (blue lines) secondary
phase formed

Figure 63. Main impurities detected are Li2B6(red lines) , LiOH (Blue lines) and Li6B18(Li2O)x
(turquoise)
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Electrochemical Characterization of Lithium Nonaboride LixB9

Cyclic Voltammetry of Lithium Nonaboride

Electrochemical characterization of LixB9 was perfomed on the BCS-805
battery cycler. Initial experiments consisted of preparing cathode slurries with
PVDF binder but lead to rapid agglomeration due to the alkalinity of LixB9 by the
LiOH impurity. This was solved by using polyacrylic acid PAA as a binder material
as there was no reaction to with the active material. Slurries were prepared in
80:7:3:10 ratio, LixB9, c65 Timcal conductive carbon, MWCNTs, PAA binder, and
deposited on aluminum current collectors. All experiments were prepared with
zeolite and Li dried, 1M lithium hexafluorophosphate LiPF6 ethylene carbonate
and dimethylcarbonate EC/DMC 1:1 electrolyte.
Cyclic voltammetry CV was carried out on LixB9 at 35 C with a scan rate of
0.01mV/s in the stainless steel split cell without any further preparation as the
battery grade electrolyte is well known for its stability towards stainless steel and
aluminum. CV was initially conducted by starting the measurement at low potential
1.5V (Figure 64) and then scanned to high potential 3V which lead to a large
double layer capacitor response is shown by the sharp increase of the potential
at the beginning of the cycle. This was corrected in following experiments by
starting at the equilibrated OCV. The large oxidation peak beginning at 2.4V in
Figure 50 followed by a flat current response on the reverse scan indicates that
reduction of the oxidized structure did not occur and is related with decomposition
as no activity is observed in the following cycles. Decomposition occurs when
cycled beyond 2.5V.
LixB9 was cycled again at a scan rate from 0.01mv/s, starting at OCV and
Lithium was intercalated into the structure first down to 1V inserting 0.25Li into
the structure reversibly deintercalated 0.25 Li (Figure 65). Despite only a small
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amount of intercalated lithium was achieved by cyclic voltammetry, this may give
insight into a potential secondary phase formation inticated by the oxidation and
reduction observed in the CV measurement despite being only 0.2Li cycled.
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Figure 65. Cyclic Voltammetry of LixB9 between 3V-1V,
scan rate 0.01mVs-1

Figure 66. Cyclic voltammetry of LixB9 assuming a stoichiometry of Li3B9. Cycled at 35 C in 1M
LiPF6 EC/DMC electrolyte. Scan rate 0.01mVs-1 starting from OCV 2.1V-1.0V-2.5V intercalating
Li prior to oxidation
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Charge Discharge of Lithium Boride

The charge discharge experiment gives a few advantages over the CV
experiment. The charge-discharge experiment can hold the potential limit upon
reaching it during galvanostatic mode given for a certain period of time allowing
for the potential driving force to continue intercalating or deintercalating to the
desired composition. Figure 66 shows the charge discharge of LixB9 assuming an
initial composition of Li3B9 cycled at 35 C with a charge of 10uA (6mA/g) was able
to deintercalate-intercalate 1 Li forming Li3-2B9 on the first cycle. The second
cycle a Lithium was intercalated into the material from Li3-4B9, but the potential
was not held therefore complete charging to Li2B9 did not occur. The time need to
charge between Li3-4B9 tripled on the consecutive cycles and a large capacity drop
is observed in the last cycle of Li3-4B9.
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Figure 67. Charge discharge of LixB9 in carbonate electrolyte at 35C using a 10uA(6mA/g)
charge current -10uA discharge current.
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Figure 68. Battery capacity determination of the LixB9 at 35 in LiPF6 carbonate electrolyte

The battery capacity determination experiment applied a constant current of 4uA
vs Li, (Figure 67) demonstrates potential linearity upon deintercalation and the
cathode supports the oxidation up to a composition Li0.6B9 before a sharp increase
in the voltage appears suggesting decomposition. CV measurements indicated the
decomposition occurs at a much higher composition. Nevertheless this is the first
lithium boride to be cycled at room temperature under any conditions.

Conclusions
Lithium Boride LixB9 was for the first time electrochemically cycled
between 1-2.5V reversibly cycling 0.25Li in cyclic voltammetry mode with the
driving force being strictly potential. Charge discharge experiments show that
LixB9 can deintercalate and intercalate 1 Li up at 50uA. The material was tested
to see if it will accept Li into the structure but can only reversibly cycle 1 or 2
times before experiencing large capacity fades. Nevertheless this is the first
lithium boride to be cycled at room temperature.
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Electrochemical Synthesis and Characterization of
Magnesium Carbaboride Mg0.5B5C

Introduction

Rechargeable magnesium (Mg) batteries offer significant advantages over
Li-metal batteries because the metallic, divalent Mg anode doubles the volumetric
capacity, is environmentally harmless, nondendritic electroplating during cell
charging, as well as, economic viability due to its greater abundance in the earth
crust[4,10–13]. Based on these advantages, intensive attention has been drawn
toward the development of new electrolytes, cathodes, and their optimization for
rechargeable Mg ion batteries. Developing a high-energy-density Mg battery with
long cycle life and high rate capability is still in its infancy due to the lack of highperformance cathodes and compatibility of electrolytes and current collectors
stable with Mg2+. A candidate compound magnesium carboboride Mg0.5B5C, with
high magnesium-ion diffusion was found by the ion exchange of magnesium from
the parent structure NaB5C. The B5C framework crystal structures contains large
openings between Mg2+ sites, and a large number of Mg2+ vacancies potentially
becoming a promising Mg ion conductor. Mg0.5B5C has attracted our attention due
to the simplicity of its chemical composition, low formula mass, being
isoelectronic, and synthesized from NaB5C. First principal DFT calculations
performed by the Poltavets group show a diffusion activation energy of 0.4eV in
the precense of a vacancy. Using DFT, the activation energies for Mg2+ diffusion
in [100] and in [001] directions were determined (Figure 69). Activation energy
value reached a maximum of 0.92 eV for a jump in the [100] direction. However,
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the value for the activation energy for the Mg2+ diffusion in the [001] direction is
very low, just 0.39 eV (Figure 69). The presence of carbon atoms along the
diffusion pathway leads to a lower activation energy of diffusion (Figure 68). The
ionic conductivity in [001] direction was estimated to be 4 ×10-4 S/cm. The
average voltage for the reaction corresponding to a cathode discharge,

0.5Mg + B5C → Mg0.5B5C

was found to be 1.56 V. Thus, the reaction is spontaneous and the concept of
hexaborides as RAA cathode was confirmed by the DFT calculations.
Impressively, the theoretical energy density for Mg-ion cathode Mg0.5B5C, 533
mWh/g, is comparable to that of Li-ion cathode LiCoO2, 544 mWh/g.

Figure 69. Crystal structure models of (a) calcium hexaboride, CaB6, and (b-c) Mg0.5B5C for
Mg ion diffusion in [100] and [001 ] directions. Mg ions in the initial and the final positions
are shown as blue spheres, while grey spheres represent Mg atoms in the interstitial sites
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Figure 70. Energy barriers for Mg ion diffusion in [100] and [001 ̅ ] directions in Mg0.5B5C

Figure 71. The charge density isosurfaces for Mg0.5B5C: (a) a 3D view of the isosurface at
0.115 e/Å-3, (b) the charge density section along the plane shown on the top figure.
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Ion Exchange Synthesis of Magnesium Carbaboride Mg0.5B5C

Mg0.5B5C was attempted to be synthesized via an ion exchange in a MgCl2
AlCl3 salt melt but resulted unsuccessful. Samples were prepared with 1mmol of
NaB5C, ground with a mortar and pestle with 3:1, 2:1, and 1:1 molar ratios of
AlCl3 and MgCl2 and with a 3x molar excess of MgCl2 to NaB5C and loaded into a
h-BN crucible. The BN crucible was sealed inside a stainless steel Swagelok
ampoule under Ar atmosphere in the glovebox. Ampoules were placed in a muffle
furnace at temperatures between 240 – 400°C for 240h. The resulting product is
placed in a glass coarse fritted extraction thimble (Chem-glass) and dropped in
the Soxhlet extractor. Continuous extraction of excess reaction salts was carried
out at the boiling temperature of methanol in which continuous pure distilled
anhydrous methanol previously dried under molecular sieves, bathes the sample
over and over in the extractor under N2 atmosphere for 96h. Several samples
were prepared along the AlCl3 solvation line on the phase diagram of AlCl3 and
MgCl2 (Figure 71 indicated by the stars), where AlCl3 would act as a flux.
Laboratory X-ray diffraction showed the parent NaB5C structure was retained,
with a small amount of BN from the crucible and no other salts present (Figure
60). Elemental analysis from EDS only showed sodium and boron from the parent
phase in the spectrum indicating the reaction had not occurred with any ratio of
AlCl3 to MgCl2 at any temperature (Figure 72) therefore

an electrochemical

approach was taken to attempt to intercalate Mg into a Na deficient NaB5C
discussed in the next section.
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Figure 72. Phase Diagram of AlCl3 - MgCl2 with stars representing samples prepared with
different compositions of MgCl2/AlCl3 in a 3x molar excess MgCl2 to NaB5C

Figure 73. Laboratory X-ray Diffraction of ion exchange reaction of NaB5C in a MgCl2 + AlCl3
melt. Red lines are NaB5C. No Mg was present in any sample after EDS analysis.
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Figure 74. EDS analysis of Mg ion exchange reaction of NaB5C in MgCl2 AlCl3 salt mixture
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Electrochemical Synthesis of Magnesium Borocarbide Mg0.5B5C from Sodium
Borocarbide NaB5C in Ionic Liquids

Electrochemical synthesis of magnesium carbaboride from the desodiated
sodium carbaboride is prepared by the cathode film preparation described above.
A 80:7:3:10 ratio of NaB5C, conductive carbon TIMCAL C65, multiwalled carbon
nanotubes and, polyacrylic acid binder are blended into a slurry with NMP and
smeared evenly on an aluminum foil current collector. 19mm cathode films are
placed in a split cell configuration with a sodium chip anode and loaded with a
0.5M NaTFSI/Pry13FSI ionic liquid electrolyte at 50C. 50% sodium was
deintercalated from the cathode film at 10uA. The cathode film was removed from
the split cell and washed with anhydrous acetonitrile then dried for 10h on a
hotplate. The oxidized cathode film was then placed in a clean split cell equipped
with a Mg anode chip pressed out of a Mg rod, and filled with 0.5M
MgTFSI/Pyr13FSI electrolyte. Intercalation of Mg into the oxidized film was
carried out by applying a discharge current of -10uA vs Mg (Figure 75). However,
during the conditioning period of the cell to allow for equilibration, the open circuit
voltage dropped to 0.7V and was rather unstable. This is attributed to reaction of
the electrolyte with the stainless steel split-cell. Regardless the conditions for
this experiment are less ideal. Solutions to provide a stable environment for
cycling of magnesium would be the use of less reactive metals. A candidate
electrode material would be molybdenum for future measurements having a low
reactivity with Mg. Impedance spectroscopy was performed before and after
intercalation. A large charge transfer resistance of >2000ohm was measured
before the film was intercalated indicated by the width of the semicircle. The
electrolyte has a high resistance of 300ohm which again is not ideal indicated by
the initial measured resistance of the real impedance. It was noted that after the
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electrolyte was used, after a day or 2 of not stirring the solution became yellow
and cloudy indicating hydrolysis or decomposition caused by water explaining the
high resistance of the electrolyte. Upon intercalation of Mg into the oxidized
Na0.5B5C film the cell potential remained constant throughout the measurement at
a low potential close to 0V. This is not ideal as this would cause Mg plating onto
the cathode film but upon examining elemental mapping with EDS there is an even
distribution of Mg and Na throughout the film (Figure 78). The impedance
measured after intercalation shows a charge transfer resistance increase to
4000ohm which is indication that the film began to deteriorate. Upon examination
of the film prior to removal for preparation for EDS analysis, it was observed that
the cathode film had peeled and broke off with particles floating loosely in the
black sludge that was left of the electrolyte. The leftover film was washed with
anhydrous dimethoxyethane DME solvent to remove the ionic liquid electrolyte
and then dried on a hotplate. After drying the cathode flakes were scrapped off
the aluminum current collector and placed to soak in anhydrous DME and washed
by centrifugation 3 times. The product was dried under vacuum at 95 C leaving
behind a fine powder. EDS analysis was performed on the film but confirmation
that the reaction had been successful was not determined by the presence of
sulfur from the electrolyte. It is suspected that the reaction occurred based on the
results from the chemical oxidation of NaB5C which can support framework with
open vacancies. Therefor the supposed final composition of the active material on
the cathode film would be Na0.5Mg0.25B5C.
Further improvements of the experimental conditions are necessary to
improve the overall environment for successful reversible Mg cycling. The need
for ultra dry electrolytes and compatible current collector materials should be
used. For example, 0.2 m Mg(TFSI)2 in highly purified diglyme solvent can exhibit
high Mg cycling reversibility with a Mg deposition overpotential of ≈200 mV[48].
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Voltage (V)
Figure 75. Electrochemical Deintercalation of Na from NaB5C prior to Mg intercalation

Figure 76. Electrochemical intercalation of Mg2+ into Na0.5B5C. Open circuit voltage period of
10h. -10uA discharge current applied to intercalate 0.25mol Mg into Na0.5B5C
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Figure 77. Laboratory X-ray diffraction of electrochemical Mg intercalated Na0.5B5C film on
an aluminum current collector. NaB5C is the dominant structure in the pattern.
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Figure 78. Nyquist impedance before intercalation (Blue), post intercalation (Red). 10kHz10mHz, 1mV amplitude 2000ohm charge transfer resistance before intercalation 3500 ohm
after
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Na K-alpha

Mg K-alpha

Sulfur K-alpha

Figure 79. EDS and elemental mapping of Mg electrochemically intercalated into Na0.5B5C.
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Conclusions

The

redox

activity

of

sodium

carbaboride,

lithium

boride,

and

Mg0.25Na0.5B5C were investigated. Sodium carbaboride NaB5C was refined in
the monoclinic P2/m space group using synchrotron data. The electrochemical
charge discharge of NaB5C demonstrated the first bulk boride anion framework
able to reversible cycle sodium reaching a capacity of 60mAh/g at C/50 in
NaTFSI/Pry13TFSI electrolytes at 75 C in a coincell configuration. The sodium
diffusion coefficient was determined to be 6.0x10-17cm2s-1 measured by
electrochemical impedance spectroscopy galvanostatic intermittent titration
technique. Experimental XANES measurements of chemically oxidized NaxB5C
revealed that the intercluster B-C bond experiences the most oxidation in the
framework complementing first principal DFT calculation of the Bader charge
analysis. LixB9 exhibits much less electrochemical activity and is far less stable
to NaB5C but can support higher charge densities because of lithium. Further
investigation is needed to confirm that multiple lithium atoms can be reversibly
cycled at a stable charge current density to increase capacity. Na0.5Mg0.25B5C was
synthesized electrochemically using Mg based ionic liquids from a sodium
deficient NaB5C. Bulk synthesis of sodium magnesium borocarbide from sodium
deficient NaB5C and its cycling capabilities will be investigated in the future.
Nevertheless we are the first to electrochemically cycle this class of transition
metal free, oxygen free, boron anion framework, reversibly at room temperatures
implying a completely new approach to intercalation materials.
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Supplemental Information

Br2 Chemical Oxidation Dilution Series to Level of Oxidation
0.3M Br2 in Acetonitrile = 1.278g in 20ml Acetonitrile
3mmol NaB5C = 267.15mg
Na0B5C

1.5mmol Br2 = 239mg = 3.740ml

Na0.5B5C

0.75mmol Br2 = 119.8mg = 1.874ml

Na0.9B5C

0.15mmol Br2 = 23.9mg = 0.374ml

Na0.8B5C

0.3mmol Br2 = 47.9mg = 0.750ml

Na0.6B5C

0.6mmol Br2 = 95.8mg = 1.499ml

Na0.4B5C

0.9mmol Br2 = 143.8mg = 2.250ml

Na0.2B5C

1.2mmol Br2 = 191.7mg = 3.0ml

All films were prepared with this ratio to retain consistency between
measurements

Cathode Slurry Composition
Material
Percent
NaB5C
80
TIMCAL C65 Conductive Carbon
7
Multiwalled Carbon Nanotubes
3
Binder
10
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Cyclic Voltammetry of NaB5C up to 3.5V 75 C in Ionic Liquid
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Charge Discharge of NaB5C to Na0.7B5C in Carbonate electrolytes
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2,000

LixB9 Cyclic Voltammetry to 4V in LiPF6 EC/DMC on Ni mesh
MS30_MS19Li3B9_1MLiPF6_ECDMC_1to4p2V_C50_14m g_m e s h_02_CV_CA2_Q.m pp
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4

Lithium Boride Synthesis Reaction Conditions

Temp
(C)

Sample Size
amount B(g)

Duration (h)

900

0.4856

96

3x

Y

1000

0.4942

96

0

N

Mo

900

1.4568

96

3x

Y

2x Mo

900

1.64

96

na

na

Mo

Excess Li Distilled Li Crucible Comments

2x Mo Best Sample
Significant
amount of
LiOH
Small
amount of
LiOH
Used carbon
to trap
Excess
lithium.
Ruined
sample

MgCl2 Ion Exchange Reactions in AlCl3 Flux
NaB5C amount MgCl2
Temperature
(mg)
Excess

Solvent ml

Acetonitrile
10ml
Acetonitrile
10ml
Acetonitrile
10ml

Time

Soxhlet
Wash

7 days

Acetone

7 days

Acetone

7 days

Methanol

98

10

150

98

20

225

98

10

200

200

4

240

100

3

240

1mmol AlCl3

10 days

EtOH

100(1mmol)

3x
3mmol

450

none

10 days

MeOH

1mmol

3mmol

240

3mmol AlCl3

7 days

1mmol

3mmol

150

7ml Monoglyme
+ 0.5ml crown
15 ether

14

1mmol

3mmol

150

7ml Monoglyme

14

AlCl3(12mmol) 10 days
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Ethanol
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